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ABSTRACT 
Dispersal is the main process leading to gene flow in populations. Gene 
flow influences the spatial distribution of populations, individuals and genes. 
Natural populations are typically subdivided, or structured, in space and genetic 
composition in part due to limited dispersal. Understanding how genetic variation 
is partitioned and the factors that govern this process is a major goal of 
evolutionary biologists because the degree to which populations are structured 
affects rates of local adaptation, speciation and extinction. In my dissertation I 
examine how one life history trait, phoretic dispersal, influences gene flow and 
genetic differentiation in populations. Here I compare related and sympatric 
species that are ecologically very similar, but explicitly differ in dispersal 
behavior. Wing lice (Columbicola columbae) frequently engage in phoresis or 
“hitchhike” on the pigeon lousefly (Pseudolynchia canariensis), while body lice 
(Campanulotes compar) do not. In the first part of my dissertation I characterize 
the genetic makeup of wing and body lice populations on a local scale. I found 
that in a geographic area where flies occur, wing lice have significantly less 
population genetic structure than body lice. Next I identified geographic areas 
where flies are absent from pigeon populations. Finally, I compared patterns of 
genetic differentiation on a global scale for wing and body lice populations. I 
found that in areas without flies, wing lice and body lice have similar patterns of 
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genetic differentiation. These findings strongly suggest that ongoing phoretic 
dispersal erodes population genetic structure and enhances population 
connectivity for wing lice.   
“Nothing in evolution makes sense except in the light of population genetics” 
     —Michael Lynch 
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 Evolution is a change in genotype frequencies in a population over time. 
At its core, evolution is a population genetic process that is influenced by four 
main forces: selection, drift, mutation and gene flow (Lynch 2007). Many different 
characteristics of organisms and their environments influence the strength of 
these forces and often leave behind imprints as genetic signatures. In my 
dissertation, I focus on one life-history trait: dispersal. Dispersal is defined as the 
movement of individuals away from their birthplace and is the main process 
leading to gene flow in populations (Clobert et al. 2012). Gene flow influences the 
spatial distribution of populations, individuals and genes (Bohonak 1999), and 
can be measured indirectly with genetic data (Broquet & Petit 2009).  
  Natural populations are typically subdivided, or structured, in space and 
genetic composition (Nielsen & Slatkin 2013). This non-uniform distribution 
occurs because geographic or ecological factors limit dispersal and keep 
organisms from randomly mating. Understanding how genetic variation is 
partitioned in populations and the factors that shape this structure is a major goal 
of evolutionary biologists because the degree to which populations are structured 





  For many free-living species, the spatial distribution of individuals is 
correlated with habitat quality, where optimal habitat patches are occupied and 
suboptimal parts of the landscape are not. Dispersal of free-living organisms 
often occurs between these landscape fragments (Clobert et al. 2012). In 
parasites this is also the case, but with host individuals often representing the 
habitat patches. Permanent, obligate external parasites (ectoparasites) with 
direct life cycles are found only on hosts (Poulin 2006). Many ectoparasites are 
small and relatively immobile (Blasco-Costa and Poulin, 2013); for these 
parasites dispersal between hosts is often a major challenge. The Koop et al. 
(2014) study of ectoparasitic lice on hawks, and the Harper et al. (2015) study of 
ectoparasitic lice on pocket gophers demonstrated that hosts represent "islands" 
with parasite gene flow restricted between host individuals. However this is not 
the case for all parasites. Many parasites can easily move between hosts and 
may even be able to disperse more than hosts (Maze-Guilmo et al. 2016).  
  Most birds and mammals host multiple species of parasites (Dobson et al. 
2008). In some host-parasite systems it is possible to compare parasite species 
that have very similar ecological niches on the same host, but which differ in key 
life history traits. Comparison of related and sympatric species that are 
ecologically similar, yet differ in dispersal ability, allows for examination of how 
dispersal influences population genetic structure and other microevolutionary 
patterns. For my thesis, I used a highly tractable, host-parasite system for which 
previous ecological studies and experiments have laid a solid foundation on 





dispersal affect gene flow and shape population genetic structure. 
  I used a host-parasite system that consisted of birds and their feather lice 
(Suborder: Ischnocera). Feather lice are permanent, obligate parasites that 
complete their entire life-cycle on bird hosts. Feather lice disperse in three main 
ways: (1) Vertical transmission – where lice move from parent to offspring during 
contact in the nest; (2) Direct horizontal transmission – where lice move between 
hosts that are in direct, physical contact, such as that between mates, or contact 
between other host individuals at shared foraging, watering sites, or communal 
roosting sites; and (3) Indirect horizontal transmission – where lice move 
between hosts that do not come into physical contact (Lee & Clayton 1995; 
Harbison et al. 2008; Harbison et al. 2009; Harbison & Clayton 2011; Clayton et 
al. 2016). Louse movement is referred to as "transmission" by parasitologists. 
Transmission and dispersal are interchangeable terms (Clayton et al. 2016). 
 An intriguing example of indirect horizontal transmission in lice is phoresis. 
"Phoresy" is a behavior where one organism disperses by “hitching a ride” on 
another more mobile organism (Farish & Axtell 1971). Phoresis often occurs 
among relatively immobile species (e.g., wingless species) that use highly mobile 
organisms (e.g., flies) to disperse among isolated resource patches. Phoresy has 
been documented in 19 genera of lice (Bartlow et al. 2016). These lice use 
hippoboscid flies, which are common blood-feeding parasites of birds, to 
disperse. Lice are not the only dispersal-limited organisms to use hippoboscid 
flies; 17 genera of mites have also been documented engaging in phoresis on 
flies (Philips & Fain 1991). Furthermore, phoresy is a common dispersal strategy 
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for animals in a diverse range of taxonomic groups. In addition to mites and lice, 
many species of nematodes, beetles, pseudoscorpions, echinoderms and worms 
regularly engage in phoresis (Treat 1956; Roubik & Wheeler 1983; Athias-Binche 
& Morand 1993; Ohtsuka et al. 2009). Despite the pervasiveness of this dispersal 
strategy, the effect that phoresis has on the population connectivity and structure 
of these organisms is unknown.  
Rock pigeons are commonly infested with “wing lice” (Columbicola 
columbae), which frequently engage in phoresis with the pigeon lousefly 
(Pseudolynchia canariensis), a hippoboscid fly that is a common blood-feeding 
parasite of pigeons. Experimental and field studies in the Clayton-Bush Lab have 
shown that wing lice can disperse on P. canariensis to novel host pigeons and 
novel host species in sufficient numbers to establish new populations (Harbison 
et al. 2008; Harbison et al. 2009; Harbison & Clayton 2011). Importantly for my 
study, rock pigeons are commonly co-infested with wing lice and “body lice” 
(Campanulotes compar). Like all feather lice, wing and body lice are small 
wingless insects that live, feed and reproduce on the feathers of their host. Both 
species of lice eat the downy portions of the host's abdominal feathers. Females 
of both species lay one large egg at a time, which they glue to the host's feathers 
with glandular cement. When the eggs hatch, immature stages molt through 
three nymphal stages before molting into the adult stage. Both species reach 
reproductive maturity within ten days of hatching (Nelson & Murray 1971; 
Marshall 1981). In short, wing and body lice are ecologically very similar. Despite 





among hosts. Wing lice are phoretic on P. canariensis while body lice are not 
(Harbison et al. 2009; Harbison & Clayton 2011). 
   I hypothesized that this dispersal difference between wing and body lice 
would create distinct genetic patterns in each species. I assessed wing and body 
lice populations on free ranging feral rock pigeon populations on both small and 
large geographic scales. In Chapter 2, I compare the population genetic patterns 
of wing and body lice at a local scale among 3 sites in Salt Lake City, Utah. To 
do this, I developed molecular tools to genotype lice at eight, highly variable 
nuclear microsatellite markers unique to each of the two species. I used a 
hierarchical strategy to sample rock pigeons and their feather lice from three 
sites in Salt Lake City, Utah. Each site has a pigeon flock where flies occur, and 
all sites are within a six-mile radius. Ten pigeons from each flock that were found 
co-infested with at least 10 wing lice and 10 body lice were used in this study. 
This even sampling allowed me to assess the genetic variation of wing and body 
lice at several levels. Here I use the term "infrapopulation" to refer to all the 
“metapopulation” to refer to all the conspecific lice on birds in a single flock and 
all the conspecific lice among flocks in the study. I found that body lice exhibited 
significantly higher genetic differentiation than wing lice at all levels assessed, 
among infrapopulations, among flocks and within the metapopulation. The 
genetic patterns observed are consistent with key differences in dispersal ability 
between wing lice and body lice. This pattern is consistent with phoretic dispersal 
of wing lice as a potential driver of this genetic pattern.  





many wing lice populations, phoresis may have a large influence on 
microevolutionary patterns of diversification. However, to thoroughly test the 
hypothesis that fly-mediated phoretic dispersal erodes population structure, I 
compared wing and body louse populations in areas where flies are present and 
areas where flies are absent. In Chapter 3, I inferred the distribution of the 
phoretic vector of wing lice, P. canariensis. I did this by sampling pigeon 
populations for parasites at a global scale and surveying literature that included 
geographic records of the fly. Indeed, I found that pigeon parasite community 
composition varies geographically.  P. canariensis was restricted to areas where 
the average low temperature is greater than 5˚C.  The known geographic range 
of P. canariensis is between 45.5 °N and 33 °S. Additionally, I examined genetic 
differentiation among several fly populations from North America and one fly 
population from South America. I found little divergence in four mitochondrial 
genes, suggesting that rates of gene flow and population connectivity are high for 
P. canariensis. 
  Importantly, wing lice and body lice also co-occur on pigeons in areas 
where flies are absent and phoretic dispersal on flies is impossible. In the 
absence of the flies, horizontal dispersal of both wing lice and body lice should 
be limited to periods of direct contact between pigeons. Therefore I predicted that 
in areas without flies, wing lice populations would have a similar amount of 
genetic differentiation as body lice populations. This is because wing and body 
lice should have nearly the same rates of dispersal. In Chapter 4 I tested this 
hypothesis. To do this, I collected wing and body lice from pigeon populations in 
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areas where flies were present and in three pigeon populations where flies are 
known to be absent. I found that wing lice infrapopulations in both sites with flies 
exhibited less population genetic structure than body lice infrapopulations. At two 
of the three sites without flies, I found that wing lice infrapopulations have a 
similar amount of genetic structure compared to body lice infrapopulations. I also 
found that wing lice have higher genetic effective population sizes than body lice 
in areas with flies but have the same effective population size as body lice in 
areas without flies. These findings are consistent with the hypothesis that 
phoretic dispersal enhances gene flow for wing lice.  
In summary, the results of my thesis strongly suggest that ongoing 
phoretic dispersal erodes population genetic structure and enhances population 
connectivity for wing lice. Collectively with other studies, these results provide a 
bridge between micro- and macroevolutionary patterns observed in wing and 
body lice. Other genera of pigeons and doves also have different species of wing 
lice, body lice and louseflies that co-occur on hosts. Phoresis likely explains 
patterns of host specificity in wing and body lice (Johnson et al. 2002; Clayton & 
Johnson 2003; Johnson & Clayton 2003). Body lice occur on fewer host species 
than wing lice and cospeciate with their hosts more often than wing lice (Clayton 
et al. 2003; Clayton & Johnson 2003). More broadly, my dissertation work 
provides evidence that dispersal patterns influence mircoevolutionary patterns of 
diversification. These microevolutionary patterns are parallel to patterns over 
macroevolutionary time.  
8 
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CHAPTER 2 
DISPERSAL ECOLOGY PREDICTS POPULATION 
 GENETIC STRUCTURE IN PARASITES 
Abstract 
Understanding how and why populations are structured is important 
because structure affects rates of local adaptation, speciation and extinction. 
Dispersal is one factor that influences population structure, but few empirical 
studies have directly assessed its impact. Here we use a tractable host-parasite 
system to test how differences in parasite dispersal predict differences in genetic 
structure. Our study system consists of rock pigeons that are parasitized by two 
species of feather lice that are ecologically similar, but which differ in dispersal 
ecology: "wing lice" disperse phoretically on hippoboscid flies, while "body lice" 
do not. We hypothesized that this difference in dispersal will result in wing louse 
populations that are less genetically differentiated than body louse populations. 
We found lower levels of genetic differentiation in wing lice than body lice at three 
spatial scales. Our results confirm that dispersal plays a fundamental role in the 
population genetic structure of parasites.  
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Introduction 
Speciation, extinction, and local adaptation are processes influenced by 
the partitioning of genetic variation within and between populations. Studies 
assessing population subdivision provide a bridge between ecological and 
macroevolutionary time scales because ecological processes influence selection, 
genetic drift, and gene flow that act to structure populations. One major 
ecological process that influences population genetic structure is dispersal, which 
is the movement of organisms from one place to another (Clobert et al. 2001; 
Clobert et al. 2012). Dispersal influences the spatial distribution of populations, 
individuals and genes (Bohonak 1999; Broquet & Petit 2009). 
Studies assessing how dispersal shapes the genetic structure of natural 
populations should investigate systems where differences in dispersal have been 
rigorously quantified, and should generate a priori hypotheses about expected 
patterns of population genetic structure (Bohonak 1999; Marko & Hart 2011). 
Such a study could be done by comparing the population genetic structure of two 
related and sympatric species that are ecologically very similar, but differ in 
patterns of dispersal (Nadler 1995; Bohonak 1999). Host-parasite systems lend 
themselves to this type of approach because a single host species, and even an 
individual host, can harbor two or more species of parasites that are ecologically 
similar yet phylogenetically independent (Clayton et al. 2016). By examining 
parasite species that have very similar ecological niches on the same host, yet 
differ in key dispersal characteristics, it is possible to use host-parasite systems 
to test specific hypotheses about how differences in dispersal influence 
13 
population genetic structure (Nadler 1995; Johnson et al. 2002; Whiteman et al. 
2007; Criscione 2008).  
Much of the work on parasite population genetic structure compares 
parasite structure to host structure. Traditionally, it has been argued that the 
genetic structure of host-specific parasites should mirror that of their hosts. Yet a 
recent meta-analysis of 38 host-parasite co-structure studies revealed that 
variables related to host dispersal are often not the main predictors of population 
genetic structure in parasites (Maze-Guilmo et al. 2016). Most parasites do not 
exclusively mirror their hosts; their own life history is also important in shaping 
the distribution of genetic variation (Criscione et al. 2005; Barrett et al. 2008; van 
Schaik et al. 2014). Interestingly, Maze-Guilmo et al. (2016) found that molecular 
estimates of gene flow are frequently higher for parasites than for their respective 
hosts. This suggests that rates of dispersal are often greater for parasites than 
for their hosts. However, this meta-analysis was not able to directly assess how 
parasite dispersal influences patterns of population genetic structure because 
dispersal has not been directly measured in these systems. 
Here, we take advantage of a highly tractable host-parasite system 
consisting of two species of ectoparasitic feather lice (Insecta: Phthiraptera: 
Ischnocera) that co-infest rock pigeons (Columba livia). Feather lice are small 
wingless insects that live, feed and reproduce on feathers. Rock pigeons are 
infested with "wing lice" (Columbicola columbae) and "body lice" (Campanulotes 
compar). Wing and body lice are considered “ecological replicates” because they 
are distantly related yet have very similar life histories (Johnson & Clayton 2003; 
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Clayton et al. 2016). Both species of lice eat the downy portions of the host's 
feathers. Both species glue their eggs to the host's feathers with glandular 
cement. When the eggs hatch, immature lice molt through three nymphal stages 
before becoming adults, and both species reach reproductive maturity 
approximately one month after hatching (Nelson 1971).  
In some respects, wing and body lice have similar dispersal constraints 
and mechanisms. Both species are largely immobile off host feathers (Bartlow et 
al. 2016).  Both species disperse primarily between hosts that are in direct 
physical contact (Clayton et al. 2016), such as that between parents and 
offspring, or between mates. Harbison et al. (2008) documented that both wing 
lice and body lice disperse vertically from parents to offspring in the nest.  
Harbison et al. (2008) also showed that direct horizontal transmission rates of 
wing and body lice are similar.   
Despite these similarities, wing and body lice differ in indirect horizontal 
transmission; wing lice disperse phoretically on winged parasitic flies.  Phoresis 
is a relatively common form of indirect horizontal transmission in which immobile 
organisms hitchhike on other more mobile organisms (Bartlow et al. 2016).  
Some species of lice are phoretic, as are many species of nematodes, mites, 
beetles and pseudoscorpions (Treat 1956; Keirans 1975; Roubik & Wheeler 
1983; Houck & OConnor 1991; Zeh & Zeh 1992; Athias-Binche & Morand 1993). 
Wing lice from rock pigeons are often recorded hitching rides on hippoboscid flies 
(Pseudolynchia canariensis), which are highly mobile parasites of pigeons 
(Figure 2.1). In contrast, body lice do not disperse phoretically (Bartlow et al. 
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2016). Harbison et al. (2009) and Harbison and Clayton (2011) showed that, 
even when wing and body lice are given equal access to flies, body lice do not 
engage in phoresis. Given this difference in dispersal, we predict that body louse 
populations will be more genetically structured than wing louse populations. We 
tested this hypothesis by comparing the population genetic structure of pigeon 
wing and body lice at several spatial scales. We used a hierarchical study design 
that compares the genetic variation of wing lice and body lice populations (1) on 
a single host individual (2) among host individuals within a single pigeon flock 
and (3) among host flocks. We also compared the genetic differentiation between 
each species of louse and their pigeon hosts. 
Materials and Methods 
Field sampling 
Population genetic analyses are strongly influenced by sampling design 
(Meirmans 2015; Papadopoulou & Knowles 2016). We used a hierarchical 
strategy to sample rock pigeons and their feather lice from three sites in Salt 
Lake City, Utah. Each site was within 10.5 kilometers of the others (Figure 2.2). 
Each site contained a pigeon flock containing several hundred birds (pers. obs.). 
Pigeons were trapped in June of 2014 and 2015 and examined for ectoparasites 
at each site until we captured 10 pigeons from each flock that were co-infested 
with at least 10 wing lice and 10 body lice. This even sampling allowed us to 
assess the genetic variation of wing and body lice at multiple levels.  We use 
"infrapopulation" to refer to all the conspecific lice living on a single host pigeon 
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(Bush et al. 1997). We use “metapopulation” to refer to all the conspecific lice on 
birds in a single flock and all the lice in every flock assessed in the study. 
Infrapopulation size was obtained for each species by counting the number of 
lice removed from each bird.  
A total of 225 birds were captured and blood was collected from each host 
(~10 µL) on filter paper for DNA extraction. Ectoparasites were collected by 
fumigating each bird using the live-fumigation method developed by Clayton and 
Drown (2001). Samples were preserved in 95% ethanol for identification and 
DNA extraction. Lice were identified to species under an Olympus SZCTV 
stereoscope.  
Microsatellite development and genotyping 
We developed 17 microsatellite primer sets specific to wing lice 
(Columbicola columbae) and 13 primer sets specific to body lice (Campanulotes 
compar). Variable nuclear microsatellite loci were identified by searching for STR 
motifs (di, tri, tetra) with msatcommander (Rozen & Skaletsky 2000; Faircloth 
2008) in sequences generated by Illumina sequencing from 30 pooled 
individuals. Sequences used to search for microsatellite motifs had BLAST 
alignment scores ≥200 compared with the human body louse (Pediculus 
humanus corporis) genome, which is the only published louse genome (Kirkness 
et al. 2010). Each microsatellite locus was evaluated with a multistep screening 
process to ensure quality data as suggested by Selkoe and Toonen (2006) and 
Fernandez-Silva et al. (2013). This filtering yielded 8 microsatellites specific to 
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wing lice and 8 microsatellites specific to body lice that were appropriate for 
analyses. The 17 pigeon microsatellite loci used to genotype the host birds were 
developed by Chun-lee et al. (2007), Stringham et al. (2012), and Traxler et al. 
(2000). DNA extractions of wing lice, body lice, and pigeons were performed 
using the DNeasy Blood and Tissue kit (Qiagen). DNA was extracted from louse 
individuals as described by Johnson et al. (2001). 
Multiplex PCRs with a universal primer and fluorophore were used to 
genotype the samples (Schuelke 2000; Blacket et al. 2012). The universal primer 
tail M13 (5’ CAC GAC GTT GTA AAA CGA C 3’) was added to the 5’ end of the 
locus-specific forward primer.  M13 labeled primers were tagged with FAM, PET, 
NED, or VIC (Applied Biosystems). The two forward primers and the appropriate 
locus-specific reverse primer were used in PCR reactions. An ABI 3100 Genetic 
Analyzer (Applied Biosystems) was used to resolve PCR products and was run 
with the 500 LIZ size standard. Genemapper v 3.7 (Applied Biosystems) was 
used to determine allele sizes. A total of 10 wing lice and 10 body lice were 
genotyped from each host individual at 8 different microsatellite loci. Lice were 
genotyped from 10 host individuals at each of the three flocks for a total of 300 
wing lice and 300 body lice from 30 birds.  The 30 birds were also genotyped at 
17 microsatellite loci. 
Population genetic analyses 
Genotyping error and null allele frequencies were estimated with Micro-
checker (Van Oosterhout et al. 2004). Linkage disequilibrium and deviations from 
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Hardy-Weinberg equilibrium for each marker within the two species were 
assessed with Genepop (Raymond & Rousset 1995). Descriptive statistics, 
including mean number of alleles observed (NA), observed heterozygosity (HO), 
heterozygosity within populations (HS), total heterozygosity (HT), the inbreeding 
coefficient (GIS) and standard errors were calculated using GenoDive (v 2.0) 
(Meirmans & Van Tienderen 2004). For each louse species we compared 
infrapopulation HO to the infrapopulation size of lice on the bird using Kruskal–
Wallis rank sum tests in R (v 3.1.0) (R Core Team 2014).  
To compare genetic differentiation between louse infrapopulations, 
pairwise FST values were calculated in Arlequin (v 3.5) and significance was 
tested with 10,000 permutations (Excoffier et al. 2005). Critical significance levels 
were computed with corrections for false discovery rates to control for multiple 
comparisons (Benjamini & Hochberg 1995). Global FST values and 95% 
confidence intervals (CIs) were calculated using a bootstrapping approach 
(10,000 iterations) calculated in the R package “diveRsity” (Keenan et al. 2013). 
For polymorphic microsatellite loci empirical maximum values of FST are often 
lower than the theoretical maximum of 1 (Hedrick 2005; Jost 2008). Therefore, 
multiple differentiation statistics and estimators were calculated and compared.  
Louse genetic variation was also partitioned into three biologically relevant 
levels: (1) on a single host individual, (2) among host individuals within a single 
pigeon flock and (3) between host flocks. All of the lice genotyped from a single 
bird (10 wing lice and 10 body lice) were treated as an a priori defined 
population. To assess if there was significant population structure of wing and 
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body lice at each of the three levels, we performed an Analysis of Molecular 
Variance (AMOVA) in Arlequin (v 3.5) (Excoffier et al. 2005). 
To test for an association between genetic and geographic distance 
matrices for each louse species, Mantel tests with 10,000 permutations were 
used (Mantel 1967). The pairwise geographic and genetic distance matrices 
used in the Mantel tests were calculated in GenoDive. Geographic distances 
were taken from coordinates at the center of each of the three distinct flock sites. 
Genetic distance matrices of pairwise FST values were transformed to FST /(1 -  
FST). Additionally, partial Mantel tests corrected for geographic distance were 
implemented in GenoDive with 10,000 permutations to compare genetic distance 
matrices of pairwise FST values of each species of louse to genetic distance 
matrices of pairwise FST values of the pigeon host from which they were 
collected.  
Multivariate analyses 
To identify the optimal number of genetic clusters in the data without 
predefining populations, we used the find.clusters function implemented in the R 
package “adegenet” (Jombart & Ahmed 2011).The optimal number of genetic 
clusters was chosen for each species by selecting the lowest Bayesian 
Information Criterion (BIC) values. For wing and body lice, we tested values of k 
= 1–30 corresponding to the 30 louse infrapopulations and for pigeons we tested 
values of k = 1–3 corresponding to the three flock sites, with multiple runs at 
each value of k. Using the groupings from k-means clustering, we used the dapc 
20 
function to describe the genetic clusters with the Discriminant Analysis of 
Principal Components (DAPC) (Jombart et al. 2010). Ordination plots were used 
to visualize the DAPC analysis; the axes represent the first two principal 
components of the DAPC. For each analysis, principal components were 
retained to account for at least 84% of the total variance in the data. For each 
louse species, populations were also predefined by the flock site from which they 
were collected. When louse genotypes were grouped by flock, two discriminant 
functions were retained. The results of the DAPC analyses are shown in several 
ordination plots. 
Modeling private vs. shared alleles 
We compared allele frequencies of two different louse species using 
microsatellite markers. In order to directly compare the degree of genetic 
differentiation between wing and body lice, we used generalized linear mixed-
effects models (GLMM) with a binomial distribution and logit link. We predicted 
private alleles within each species across sampling site by modeling the fixed 
effects of the ratio of private to shared alleles in each louse species, with 
sampling locality included as a random effect. The model had 48 observations 
from three sites and the model intercept was set as the ratio of private to shared 
alleles for body lice. We also predicted private alleles within each species across 
host sampled by modeling the fixed effects of the ratio of private to shared alleles 
in each louse species and, with host included as a random effect. The model had 





private to shared alleles for body lice. The ‘lme4’ package in R was used to fit 
each GLMM (Bates et al. 2015). 
 
Results 
                                   Louse population genetic analyses   
  Wing lice had a higher prevalence and mean abundance than body lice at 
all three sites. Three of the 300 individual body lice did not yield enough DNA for 
amplification of all microsatellites, so they were excluded from the analyses. 
None of the microsatellites for either louse species showed evidence of allelic 
dropout.  Nor was linkage disequilibrium significant among loci for either louse 
species. Populations of wing and body lice on birds did not show departures from 
Hardy-Weinberg equilibrium. The mean number of alleles in body lice was 12.6 
while in wing lice the mean number of alleles was 9.1. The mean observed 
heterozygostiy (Ho) was 0.449 for body lice and 0.557 for wing lice. Overall, the 
inbreeding coefficent (GIS) was 0.061 for body lice and 0.036 for wing lice.  
Infrapopulation size (Ho) did not correlate with population size for either species 
(body lice r = 0.0816, p = 0.6681; wing lice r = 0.1980, p = 0.2942). A weak yet 
significant pattern of isolation by distance was found for body lice (Mantel r = 
0.061, p = 0.015), while no significant correlation was found between genetic and 




Host population genetic analyses 
In total, 30 pigeons were genotyped. The mean number of alleles per 
locus was 4.9. The 30 birds from which lice were sampled were the most heavily 
co-infested birds in each flock. The hierarchical AMOVA (Table 2.1) indicates 
that pigeons have low, yet significant, genetic differentiation among the three 
flocks (FST 0.01206, p < 0.0001). Almost all of the genetic variance (98%) among 
pigeons was accounted for by sampling within pigeon flocks. The ordination plot 
showing the first two principal components of the DAPC for the host genotypes 
shows overlapping clusters. Pigeon population genetic structure did not correlate 
with louse population genetic structure either for body lice (partial-Mantel 
controlled for geographic distance, r = 1.000, p = 0.584; Mantel r = -0.492, p = 
0.492) or wing lice (partial-Mantel controlled for geographic distance, r = 1.000, p 
= 0.581; Mantel r = 0.979, p = 0.328).  
Wing and body louse genetic structure 
Both species of lice were significantly structured between birds in the 
same flock and between birds in different flocks (Table 2.1). Genetic 
differentiation between body louse infrapopulations was larger than that seen in 
wing louse infrapopulations in 83% (360/435) of all possible comparisons (Figure 
2.3). Most body louse infrapopulations were significantly structured. After 
correcting for false discovery rates, 92% (401/435) of pairwise FST values were 
significantly different from zero. In contrast, only 61% (265/435) of pairwise FST 
values in wing lice were significantly different from zero. For both wing and body 
23 
lice, bird 3 sampled from flock 3 had the largest pairwise FST values (FST = 0.28 
for wing lice and FST = 0.73 for body lice). G”ST values followed the same pattern 
as FST values for both wing and body lice, yet the degree of differentiation was 
larger for G”ST values. Additionally, 23% of the total genetic variation in body lice 
was distributed among body louse infrapopulations (FSC 0.21478, p < 0.0001; 
Table 2.1) compared with 8% among wing louse infrapopulations (FSC 0.06880, p 
< 0.0001).  
The Global FST value from a hierarchical AMOVA indicates that body lice 
are highly genetically differentiated among different flocks (FST 0.22542, p < 
0.0001; Table 2.2), while wing lice are moderately genetically differentiated (FST 
0.07484, p < 0.0001). The 95% CIs of FST values did not overlap when compared 
within or between flocks (Figure 2.4). When body louse infrapopulations were 
grouped by flock, the first two principal component axes of the DAPC separated 
the distributions of genetic clusters, indicating a high degree of genetic 
differentation of body lice between the three flocks (Figure 2.5). In contrast, the 
first two principal component axes of the DAPC for wing lice revealed 
overlapping distributions of genetic clusters, indicating a lower degree of genetic 
differentation between flocks (Figure 2.5).  
The k-means clustering algorithm displayed the lowest BIC values at 14 
clusters for body lice and 10 clusters for wing lice. Body louse clusters 2, 3, and 
13 show a large degree of separation from the other clusters. Louse individuals 
assigned membership to clusters 2, 3, and 13, corresponded to body louse 
infrapopulations from Bird 3, Bird 8 and Bird 6 in flock 3. Wing lice clusters 2 and 
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6 show a small degree of separation from the other clusters. Wing louse 
individuals assigned membership to clusters 2 and 6 parasitized birds at all three 
flock sites, and thus do not correspond to individual birds.  
 Modeling private vs. shared alleles 
The ratio of private to shared alleles for wing lice was lower than the ratio 
of private to shared alleles for body lice analyzed with respect to site (GLMM; Z = 
-6.012; p <0.001) and host bird (GLMM; Z = -8.808; p <0.001). Specifically, the
probability of finding a private allele in a flock is 1.9 times higher for body lice 
than for wing lice. The probability of finding a private allele on a bird is 3.4 times 
higher for body lice than for wing lice.  
 Discussion 
Wing lice of rock pigeons sometimes engage in indirect horizontal 
dispersal by attaching to hippboscid flies to move between hosts (Harbison et al. 
2009; Harbison & Clayton 2011). However, body lice of rock pigeons do not 
disperse in this manner (Keirans 1975; Harbison & Clayton 2011).  Based on 
these ecological differences, we hypothesized that body louse populations would 
be more genetically differentiated than wing louse populations on individual birds 
(infrapopulation), among birds in a single flock, and among flocks.  Using 
microsatellite markers for these two parasite species, we found that body lice are 
indeed more genetically structured than wing lice at all of these spatial scales. 
Overall, both wing and body louse populations exhibited a significant 
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amount of structure at all spatial scales examined. Most wing louse 
infrapopulations were genetically differentiated. More than 60% of pairwise FST 
values for wing louse infrapopulations were significantly different from zero. 
However, body louse infrapopulations had an even higher degree of genetic 
differentiation, with more than 90% of pairwise FST values genetically 
differentiated. 
We compared the degree of genetic structure observed between wing and 
body lice on single host individuals and found that body lice had higher pairwise 
FST values than wing lice in 83% of comparisons. Furthermore, when we directly 
compared the genetic differentiation of the two species by modeling the ratio of 
private to shared alleles within each species across hosts sampled we found that 
it was 2.9 times more likely for body lice on a given bird to have a private allele 
than it is for wing lice to have a private allele. 
We compared genetic differentiation of wing and body lice among pigeon 
flocks and found that both species were significantly structured. However, 
genetic clusters of body lice exhibited a larger degree of separation than wing 
lice, indicating a more genetic differentiation between sites. Moreover, when we 
modeled the ratio of private to shared alleles within each louse species across 
flocks we found that it was 1.9 times more likely for body lice than wing lice in a 
given flock to have a private allele, suggesting that gene flow is more restricted in 
body lice. 
In this study, only hosts with at least 10 wing lice and 10 body lice were 
included. It is conceivable that birds with a higher parasite load are more social, 
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and possibly receive lice from other birds more often through direct contact. If 
this were the case, we would expect the measures in this study to be 
conservative estimates of genetic differentiation for each louse species. We 
would expect the degree of structure to be even greater between louse 
infrapopulations on pigeons with lower parasite loads. 
Like feather lice, many other parasites are small and relatively immobile 
(Blasco-Costa & Poulin 2013). For these parasites, dispersal between hosts is 
often a major challenge. Koop et al. (2014) and Harper et al. (2015) 
demonstrated that Galapagos hawks and pocket gophers are "islands" for their 
host-specific lice, where the movement of parasites between hosts occurs only 
during direct physical contact. Our study further demonstrates the small spatial 
scale at which genetic differentiation can occur, even when parasites disperse in 
ways that are independent of host contact, such as by phoresis.  
We found that the pigeon flocks in this study had a low, yet significant 
amount of genetic structure among sites less than 10.5 kilometers apart (Table 
2.2). This differentiation in the bird flocks themselves is surprising considering the 
mobility of pigeons, which often fly > 25 km per day in search of food and water 
(Johnston & Janiga 1995). These results suggest that pigeons exhibit site fidelity. 
However, pigeons are known to also move between sites (Johnston & Janiga 
1995).  In our study, both the wing lice and body lice from Bird 3 at site 3 were 
the most genetically differentiated from other louse infrapopulations. These data 
suggest that Bird 3 was a recent immigrant. 
If population structure were shaped mainly by vertical transmission of 
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parasites from parents to offspring we would expect that genetic distance 
matrices of the parasite and host would be correlated (van Schaik et al. 2014). 
Host and parasite genetic distances were not correlated with the host for either 
wing or body lice. Thus, there is no support from the genetic data that vertical 
dispersal is a major factor driving the structure of pigeon louse populations.  
In addition to direct vertical transmission, experimental evidence shows 
that direct horizontal transmission occurs frequently and at equal rates among 
wing lice and body lice (Harbison et al. 2008). Thus, neither vertical nor direct 
horizontal transmission can account for the observed differences in genetic 
structure between the two parasite species. Differences in indirect horizontal 
transmission (i.e., phoresis) between wing and body lice, are consistent with the 
observed differences in population genetic structure detected at every scale in 
our study. Further comparisons of the genetic structure of wing and body lice in 
areas with and without hippoboscid flies could enhance our understanding of how 
this mode of dispersal influences population genetic structure.  
It is likely that different evolutionary forces (drift, mutation, and gene flow), 
interact to influence the observed patterns of genetic differentiation (Marko & 
Hart 2011). For example, population size influences the strength of genetic drift 
in structuring populations. Thus, we examined the census population sizes of 
wing lice and body lice at each site in our study. We found that the size of the 
wing and body louse populations were not correlated with the genetic diversity of 
the lice.  However, this snap-shot measure of louse population size does not 
reflect the demographic history or historical patterns of gene flow that may have 
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played roles in structuring louse populations. In our study wing lice were more 
prevalent and abundant than body lice. Consequently, body lice may experience 
less connectivity among metapopulations than wing lice simply because their 
populations are smaller. Moreover, body lice may also be more likely than wing 
lice to experience local extinctions because body lice have smaller 
infrapopulation sizes. Body lice are also unable to escape from a dying host by 
phoresis. It is therefore plausible that frequent bottlenecks in body louse 
populations, as well as limited dispersal opportunities, may have interacted to 
structure populations.  
We assessed microevolutionary patterns of population genetic structure 
on a local scale in wing and body lice that co-infest rock pigeons. We found that 
wing lice are less genetically differentiated than body lice across all spatial 
scales. This pattern is consistent with earlier work that measured genetic 
structure of different species of wing and body lice on a larger macroevolutionary 
scale. Using mitochondrial data (COI) Johnson et al. (2002) compared genetic 
differentiation of wing lice species (Columbicola) and body lice species 
(Physconelloides) that co-occur on sympatric species of doves. The wing lice 
species in the study were less host-specific than the body lice species. 
Hippoboscid flies, the phoretic vectors of wing lice, are also less host-specific 
and can transport wing lice between host individuals of the same or different 
species (Harbison & Clayton 2011). Our study suggests that patterns of 
population genetic structure for wing and body lice also hold on a 
microevolutionary scale. Genetic differentiation and local adaptation, in turn, can 
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ultimately influence phylogenetic diversification. Differences in dispersal by wing 
and body lice in ecological time predict differences at both microevolutionary and 
macroevolutionary scales.  
When individuals disperse they contribute to the gene pool of the new 
population, and population genetic structure is reduced (Bohonak 1999; Broquet 
& Petit 2009). However, few empirical studies have directly assessed how 
dispersal affects the magnitude of this structure. Moreover, little is known about 
how particular modes of dispersal effect population genetic structure. By 
examining the population differentiation of two parasite species that occupy the 
same host and differ primarily in a single mode of dispersal, we show that 
increased horizontal transmission likely erodes population genetic structure in 
wing lice, compared to body lice. In the future, studies that compare the genetic 
structure of wing and body louse populations in different geographic regions that 
either have, or do not have, phoretic vectors will improve our understanding of 
how phoresis influences population genetic structure at even greater spatial 
scales.  
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Table 2.1. Analysis of molecular variance for wing lice, body lice and pigeons. 




    Among infrapopulations between 
flocks 
0.6 FST = 0.07484 p<0.001 
    Among infrapopulations within flocks 6.8 FSC = 0.06880 p<0.001 
    Infrapopulations on individual birds 92.5 FCT = 0.00649 p<0.05 
Body lice 
    Among infrapopulations between 
flocks 
1.4 FST = 0.22542 p<0.001 
    Among infrapopulations within flocks 21.2 FSC = 0.21478 p<0.001 
    Infrapopulations on individual birds 77.5 FCT = 0.01355 p<0.05 
Pigeon  
    Among Flocks 1.2 FST = 0.01206 p<0.001 






Figure 2.1. The pigeon louse study system. (a) The body louse, Campanulotes 
compar. (b) The wing louse, Columbicola columbae. (c) Wing lice engage in 
phoresis or “hitchhiking” on the Hippoboscid fly (Pseudolynchia canariensis) SEM 
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Figure 2.3. Matrix of pairwise FST values between genotypes of body louse 
infrapopulations (left) and wing lice infrapopulations (right). Warmer colors 
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Figure 2.4. Global FST values for wing and body lice infrapopulations at all sites 
and within each site. Bars on the graphs represent 95% confidence intervals 
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Figure 2.5. Ordination plots showing the first two principal components of the 
DAPC for body lice (left) and wing lice (right). Colors indicate which flock of birds 
each louse was collected from (Site 1 is blue, Site 2 is red, Site 3 is gray) and 
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TEMPERATURE DEPENDENT DISTRIBUTION PATTERNS AND LOW 
POPULATION GENETIC STRUCTURE IN THE DIPTERAN VECTOR, 
PSEUDOLYNCHIA CANARIENSIS 
Abstract 
Invasive species may be successful in part because they escape their 
native parasites and pathogens. This phenomenon, termed “enemy release,” can 
occur either because parasites are not introduced along with their hosts, or 
because parasites fail to establish in the invasive range. Although the spread and 
distribution of invasive hosts has received much attention, relatively little is 
known about the distributions of their parasites. Tracking distributions of 
parasites and pathogens is complicated, in part, because they are often difficult 
to census and identify, and because they can be patchily distributed, both in 
space and time. In this study we assess the spatial distribution of the pigeon 
lousefly (Pseudolynchia canariensis). The distribution and dispersal of P. 
canariensis has implications for the distributions of other parasites because it is 
an important vector of the malarial blood parasite, Haemoproteus columbae.  It is 
also a phoretic vector of five species of mites and one species of feather louse. 
We assessed spatial genetic structure of P. canariensis across its geographic 
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range to examine population connectivity. We found no flies or published 
geographic records of the fly in extreme latitudes (north of 45.5 °N, or south of 33 
°S), even though rock pigeons occur in those areas. Extended periods of cold 
temperature (<5°C) in these latitudes may limit the fly’s distributions, given that 
we found a positive correlation between fly prevalence and temperature. We 
found little divergence in fly mitochondrial genes, suggesting high rates of gene 
flow between flies on different host populations. Also, nine flies were found in 
phoretic association with Epidermoptid mites (Acari: Astigmata). Pigeon 
populations in extreme latitudes appear to represent areas where P. canariensis 
is absent. This absence may impact pigeons and the community of organisms 
they host in various ways.  
Introduction 
Birds are host to communities of parasites, pathogens, commensal and 
mutualist organisms (Poulin & Morand 2000; Dobson et al. 2008). The 
geographic distributions of these symbionts does not always mirror that of their 
hosts; their ranges can vary over large and small spatial scales (Poulin 2006; 
Hoberg & Brooks 2008). Studies assessing spatial host-parasite ecology 
consider movement patterns of both the host and the parasite because these 
patterns are critical for examining eco-evolutionary dynamics of host-parasite 
interactions (Kubisch et al. 2014; Harper et al. 2015; Boulinier et al. 2016; 
Engelbrecht et al. 2016; Maze-Guilmo et al. 2016; Bonte & Dahirel 2017). An 
indirect way to measure movement and dispersal is through studies of population 
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genetic differentiation (Broquet & Petit 2009; Kim & Sappington 2013). 
Host-parasite genetic co-structure has been measured in a variety of bird 
and mammal systems. One of the best known systems is that of colonial 
seabirds and their ticks. Ixodes uriae is a globally distributed parasite of many 
seabird species. Patterns of genetic structure on a global scale correspond to 
biogeographic colonization patterns beginning in the early Miocene (22 Million 
years ago) as well as host life history traits (McCoy et al. 2005; Dietrich et al. 
2014). Examining I. uriae’s global distribution patterns also allows for the 
inference of disease spread, as this hard tick vectors the bacterium (Borrelia 
burgdorferi), which is responsible for Lyme disease in animals (Duron et al. 
2016). The genetic structure of vector populations provides other clues to how 
parasites and pathogens may spread.  For example, Streicker et al. (2016) used 
large datasets on vampire bats and rabies to connect sex-biased dispersal of 
bats to the spread of rabies across Latin America (Streicker et al. 2016).  
Introduced species may or may not bring their parasites with them to their 
new range (Clay 2003; Colautti et al. 2004; Liu & Stiling 2006; MacLeod et al. 
2010; Marzal et al. 2011). Parasites may "miss the boat," meaning that by 
chance they are not introduced along with their hosts. They may also “drown on 
arrival,” meaning that they fail to establish viable populations once they arrive in 
the new range (Marzal et al. 2011). Low levels of genetic variation do not limit 
invasion success in many invasive species (Barrett & Schluter 2008; Prentis et 
al. 2008; Cheng et al. 2016). However, less is known about how life history traits 
and environmental gradients affect invasion success (Bock et al. 2015). In this 
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study we assess the spatial scale of an ectoparasite’s range on an invasive and 
globally distributed host. We do this by surveying published records, collecting 
samples from host populations and by assessing spatial genetic structure. 
For ectoparasites, geographic distribution may be limited by abiotic factors 
because they are exposed to the external environment. For example in the 
Eurasian otter (Lutra lutra), tick (Ixodes hexagonus) abundance is correlated with 
climate patterns (North Atlantic Oscillation). More ticks are associated with 
warmer and wetter weather (Sherrard-Smith et al. 2012). Temperature also limits 
the distribution of mites (Ornithonyssus sylviarum) on chickens (De La Riva et al. 
2015).  Additionally, relative humidity influences louse abundance on birds; birds 
in arid areas have fewer lice than in humid areas (Moyer et al. 2002). Here we 
examine if two abiotic factors (temperature and humidity) influence the 
distribution of a parasite on an invasive host. 
     Study System 
In this study we focus on a parasite of feral pigeons (Columba livia), which 
are globally distributed birds. Their wild ancestors likely originated in Northern 
Africa and the Mediterranean and were domesticated about 3,000–5,000 years 
ago (Johnston & Janiga 1995; Driscoll et al. 2009). Escaped domestic pigeons 
then established feral populations in the Old World and were introduced to North 
America around 400 years ago (Johnston & Janiga 1995). Pigeons are 
commonly infested with various species of arthropods, bacteria, protozoa and 
fungi (Johnston & Janiga 1995) but the geographical distribution of many of these 
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organisms is unknown. 
The hippoboscid fly, Pseudolynchia canariensis (Macquart), is a common 
blood-feeding parasite of pigeons (Columba livia) and other birds (Maa 1966). 
This fly, commonly called the “pigeon fly,” is thought to have originated in the Old 
World with pigeons and was first reported in in North America in 1896 (Bishopp 
1929). Currently, it is unclear if the fly’s range mirrors that of pigeons or if it is 
absent in areas where feral pigeon populations are found. Determining the 
known range of P. canariensis may help to elucidate how parasites of invasive 
species track, or do not track, their hosts.  
Pigeon flies are dorso-ventrally flattened and move swiftly through 
feathers. Although pigeons are the preferred hosts for these flies, P. canariensis 
is not host specific; it has been recorded from 33 bird genera that span 13 
families and eight orders of birds (Maa 1966).  Most studies assessing fly 
ecology do so using pigeon hosts. Flies spend about 70% of their time on 
pigeons (Waite et al. 2014) and the rest of their time off the host. Blood meals 
are taken several times a day, during which flies can feed for up to 80 
minutes (Arcoverde et al. 2009).  Adult flies found off pigeons are typically mating 
or depositing pupae. Female flies deposit pupae every 2-3 days in or around 
pigeon nests (Bishopp 1929). Female flies are often followed by mate guarding 
males when depositing pupae (Coatney 1931; Yuval 2006). Off of the host, flies 
can easily fly between individual pigeons, between populations of pigeons, and 
between host species (Harbison et al. 2009; Harbison & Clayton 2011; Clayton et 
al. 2016). 
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Bishop (1929) reported that P. canariensis likely inhabits the tropics and 
warm temperate regions of the world. Other researchers have speculated that 
cold temperatures at extreme latitudes prevent over-winter survival of the pupal 
stages of these flies. In an experimental study, Klei & Degiusti (1975a) observed 
that temperatures of 13°C and 37 °C were lethal to P. canariensis pupae in a 
laboratory setting. They also described the optimum temperature range for 
maintaining adult flies in the laboratory to be between 26.6°C and 30°C. These 
data suggest that abiotic factors, such as temperature, may constrain fly 
distribution.  
The range and dispersal of P. canariensis is also important for several 
members of the pigeon community. The pigeon lousefly is the only known vector 
of the malarial blood parasite, Haemoproteus columbae (Valkiunas 2005), as well 
as a phoretic vector of five mite species and one louse species (Philips & Fain 
1991; Sol et al. 2000; Bartlow et al. 2016). H. columbae is an intracellular 
parasite that infects the red blood cells of pigeons. Asexual reproduction of H. 
columbae takes place in the pigeon while sexual reproduction takes place in P. 
canariensis (Valkiunas 2005). Both male and female flies ingest infected pigeon 
blood and transmit H. columbae between hosts. H. columbae is not transmitted 
transovarially (Valkiunas 2005; Santiago-Alarcon et al. 2012). Thus, we predict 
that prevalence of H. columbae will be closely tied to that of its vector.  
Four avian skin mites in the family Epidermoptidae (Myialges anchora, M. 
falconis, M. lophortyx, M. macdonaldi) and one mite in the family Cheyletiellidae  
(Ornithocheyletia hallae) are frequently found in association with P. canariensis 
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(Feres & Flechtmann 1991; Philips & Fain 1991; Macchioni et al. 2005).  Phoresy 
is a behavior in which one organism disperses by “hitching a ride” on another 
more mobile organism (Farish & Axtell 1971). In Myialges spp. gravid female 
mites often attach to louseflies to oviposit and fasten eggs to the fly’s cuticle 
(Fain, 1965). Eclosed mites then disperse from the fly to the skin of host birds 
(Evans et al. 1963). It is thought that some skin mites require flies to complete 
their life cycle (Evans et al. 1963).   
Wing lice (Columbicola columbae) that parasitize pigeons are regularly 
found engaging in phoresis with P. canariensis. Wing lice are permanent, 
obligate parasites that complete their entire life cycle on pigeons. Wing lice are 
highly immobile off of the host (Bartlow et al. 2016) and are typically limited to 
dispersal between pigeons that are in direct physical contact (Harbison et al. 
2008). Lab and field studies have shown that wing lice can disperse on P. 
canariensis to novel host pigeons and novel host species in sufficient numbers to 
establish new populations (Harbison et al. 2008; Harbison & Clayton 2011). 
Therefore determining the geographic range of P. canariensis may also have 
important implications for pigeon associated community interactions.  
Finally, since P. canariensis is highly mobile and not host specific we 
expect the fly to have a large degree of population connectivity across its range. 
Since the fly is not host specific we expect that it will be able to follow pigeons 
throughout their invasive range. We test this hypothesis by assessing population 
genetic structure for flies sampled from pigeon populations across a large spatial 
scale.   
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Materials and Methods 
Literature search 
To determine the known geographic distribution of P. canariensis we 
queried the Scopus database, the ISI Web of Science database and Google 
Scholar during September of 2015 and April of 2016. We used the following 
search terms: “Pseudolynchia canariensis,” “Pseudolynchia” and “pigeon 
lousefly.” The following taxonomic synonyms for P. canariensis were also used 
as search terms: P. maura, Olfersia testacea, O. rufipes, O. falcinelli, O. maura, 
O. lividicolor, O. capensis, O. exornata, Lynchia simillima (Maa, 1966). In total,
271 relevant studies were examined dating from 1839 to 2016 that included P. 
canariensis (or taxonomic synonyms).  
Sample collection 
Samples were collected from pigeons by fumigating live birds with ethyl 
acetate, or washing euthanized birds (Clayton and Drown 2001). Overall, 256 
pigeons from 18 locations across the world were examined (Table 3.1). Fly 
samples were preserved in 95% ethanol and identified to species under an 
Olympus SZCTV stereoscope.  
Using blood parasites as a proxy for louseflies 
H. columbae prevalence has been shown to be correlated with fly
prevalence (Sol et al. 2000). Flies are mobile parasites and are patchily 
distributed in time and space. Among discrete pigeon flocks in Salt lake City, 
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Utah, flies are present at some but not all flock sites (Harbison et al. 2008). 
Among pigeon flocks in Detroit, Michigan, fly populations increase during late 
summer and reach a peak in the fall, and continue to be present in low numbers 
during the winter (Klei & Degiusti 1975b). In contrast, pigeons can have chronic 
H. columbae infections that persist even when flies are not apparent. For
example, 754 pigeons were examined for parasites over a period of 27 months, 
throughout 1966 – 1968, in Detroit, Michigan (Klei & Degiusti 1975b). Over 197 
flies were collected from 16% of pigeons, while 78% of the pigeons were infected 
with H. columbae (Klei & Degiusti 1975b). More than 20 studies have 
documented H. columbae in feral pigeon populations (Waite 2012). To confirm 
that P. canariensis occurred in pigeon flocks we screened birds for H. columbae. 
Since P. canariensis is the only known vector of H. columbae, the blood parasite 
served as a “smoking gun” indicating that the birds in question had been 
parasitized by the fly at some point. 
A total of 149 pigeons at nine sites were screened for H. columbae. For 
each pigeon caught, 10μL of blood was sampled by brachial venipuncture with a 
heparinized capillary tube. Blood smears were made on microscope slides with 
two blood dots from each tube. Slides were fixed with methanol, then stained 
with Giemsa. Slides were examined under oil immersion at 1000x with a light 
microscope. One slide per host was screened for malaria by examining all red 
blood cells in 1 microscopic field, and counting infected cells per 100 non-
overlapping fields (Valkiunas 2005).  
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DNA sequencing and population analyses 
Subsamples of P. canariensis specimens collected at each sampling 
locality were used in molecular analyses. For 85 flies, DNA was extracted from a 
single hind leg using the Qiagen DNeasy Blood and Tissue Kit. Fragments of the 
mitochondrial 12S ribosomal RNA (12S), 16S ribosomal RNA (16S), cytochrome 
b (Cytb) and cytochrome c oxidase subunit I (COI) genes were sequenced for a 
subset of specimens. A 1224 bp COI fragment was PCR amplified with the 
primer pairs LCO1490 and HCO2198 (Folmer et al. 1994) and COI-2F and COI-
2R (Simon et al. 1994). A 218 bp 12S fragment was PCR amplified with the 
primer pair 12SAI and 12SBI (Simon et al. 1994). A 383 bp16S fragment was 
PCR amplified with the primer pair 16sf and 16sr (Simon et al. 1994). A 425 bp 
Cytb fragment was PCR amplified with the primer pair L11122 and H11823 
(Page et al. 1998). Sequences were assembled, edited and aligned in Geneious 
v7.1.6 (Kearse et al. 2012).  
All genes were analyzed separately as well as in a concatenated 2525 bp 
alignment. Minimum-spanning haplotype networks were constructed with 
statistical parsimony software, TCS (Clement et al. 2000), implemented in the 
package PopART (Leigh & Bryant 2015). Haplotype and nucleotide diversity 
were calculated in DnaSP 5.10.1 (Librado & Rozas 2009).  
Environmental variables 
We tested whether mean annual humidity, or annual minimum 
temperature was correlated with the presence of flies. Climate data were 
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Fifty publications included geographic records for the pigeon louse fly 
(Appendix A). All published geographic records of the fly occurred between the 
latitudes of 45.5 °N and 33 °S (Figure 3.1). All published geographic records of 
H. columbae also occurred within this range.
For this paper 184 new P. canariensis specimens were collected in 2014-
15 from 29 pigeons across seven sites in North America, one site in India, and 
one site in Brazil (Table 3.1).   Fly prevalence ranged from 0 – 100%. In areas 
where the fly was present, mean abundance ranged from 0.1 – 17.6 (Table 3.1). 
Most pigeons (82%) infested with flies had 1 – 4 flies per host. Two pigeons from 
Guarujá, Brazil harbored the most flies, with 40 and 80 P. canariensis individuals. 
No flies were collected from pigeons in Ružomberok, Slovakia; Regina, 
Saskatchewan; Winnipeg, Manitoba; Grand Forks, North Dakota; Seattle, 
Washington; Laramie, Wyoming or Albuquerque, New Mexico, USA.  
No flies or H. columbae were found in Laramie, Wyoming; Regina, 
Saskatchewan; Seattle, Washington, or Winnipeg, Manitoba.  At two sites flies 
were not collected, but H. columbae infected red blood cells were found 
(Albuquerque, New Mexico and Salt Lake City, Utah A). Epidermoptid Mites 
(Acari: Astigmata: Epidermoptidae) were found riding on flies in Guarujá, São 
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Paulo, Brazil and New Orleans, Louisiana (Table 3.2). Most mites were attached 
to the abdomens of the flies. Two flies vectored mites with egg sacs.  
Population genetic analysis 
Haplotype networks showed limited population subdivision (Figure 3.2) as 
variation in P. canariensis mtDNA sequences was low (Table 3.3). The mtDNA 
network from the concatenated data set of all genes (Figure 3.2e) revealed 
divergence between North and South American fly haplotypes. Flies collected in 
São Paulo exhibited the most within population subdivision, followed by flies 
collected in Louisiana.  
Environmental variables 
Fly prevalence was positively correlated with average annual minimum 
temperature (Spearman rank correlation: rs = 0.68, P = 0.0015; Figure 3.3) but 
not with average annual relative humidity (Spearman rank correlation: rs = 0.41, 
P = 0.0820). No flies or H. columbae infected red blood cells were found in areas 
where the average annual minimum temperature was below 5˚C. 
  Discussion 
P. canariensis is not found throughout the entire invasive range of its host,
the feral pigeon. No flies, H. columbae infected red blood cells, or published 
records of the fly or H. columbae, were found in areas north of 45.5 °N, or south 
of 33 °S. Although the pigeon host is present outside this zone, flies are likely 
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constrained to areas without prolonged cold spells below 5˚C. Future studies 
could track spatial distributions of other pigeon parasites to identify areas where 
host-parasite pressures differ.  
Fly populations showed low population differentiation across this broad 
geographic scale. In temperate areas of the globe the patchy distribution and 
seasonality of the fly may increase the chance of local extinctions and generate 
population structure at small spatial scale. However genetic differentiation is 
likely eroded at this large scale given the fly’s high mobility and low host 
specificity.  It is not likely that pigeon louseflies “missed the boat” upon 
introductions to temperate and tropical regions of the New world given their low 
genetic differentiation across a large spatial scale. However, since P. canariensis 
has been reported from over 30 bird species in addition to feral pigeons and 
likely has high gene flow between populations it is surprising that these flies 
“drown on arrival,” in extreme latitudes.  
The genetic variation observed in this study is similar to previous studies 
of genetic variation in hippoboscid flies. Relatively low mitochondrial variation 
was found in three lousefly species parasitizing birds in the Galápagos Islands. 
Gene flow was found to be very high in Olfersia spinifera which parasitizes great 
frigatebirds (Fregata minor), Olfersia aenescens which parasitizes Nazca 
boobies (Sula granti), and Icosta nigra which parasitizes the Galápagos hawk 
(Buteo galapagoensis) (Whiteman et al. 2007; Levin & Parker 2013).  
Furthermore, two species of wingless Nycteribiid bat flies also exhibited 
low levels of genetic differentiation among populations. Both the host specific bat 
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fly, Nycteribia schmidlii, which parasitizes the bent-winged bat (Miniopterus 
schreibersii) and the bat fly, Cyclopodia horsfieldi, which parasitizes multiple 
Pteropus bat species exhibited extremely low levels of population genetic 
structure across a wide geographic range (Olival et al. 2013; Witsenburg et al. 
2015). 
For at least two kinds of pigeon parasites, lice and flies, abundance is 
higher in warm, humid regions. It would be interesting to test if increased parasite 
pressure in the tropics differentially impacts community interactions. For example 
in Guarujá, Brazil one pigeon hosted over 80 flies and three species of lice. It is 
likely phoresis of lice on flies occurs more in areas where flies are more 
abundant. It is also possible that flies infected with H. columbae may take blood 
meals on flies more frequently, increasing opportunities for phoresis of mites and 
lice. Waite et al. (2012) showed that P. canariensis females infected with H. 
columbae had lower fitness than male flies. The authors suggested that female 
flies might feed more to compensate for the costs associated with vectoring H. 
columbae as other blood parasites increase feeding habits of dipteran vectors.  
P. canariensis may influence the evolutionary trajectories of the organisms
it disperses by enhancing gene flow and population connectivity. In several areas 
in northern latitudes where flies were absent we found Myialges spp. and 
Columbicola columbae infesting pigeons. Future studies could examine the 
genetic structure of these mites and lice in areas with and without flies to 
examine the role vector mediated phoresis plays in shaping the spatial 
distribution of species (Chapter 4). 
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Pigeons established feral populations in North America around 400 years 
ago (Johnston & Janiga 1995). Several species of parasites were introduced 
along with the pigeons, including feather lice, flies and blood parasites. However, 
pigeon parasites may be constrained by abiotic factors that don't necessarily 
affect pigeons in invasive ranges. Thus, through introduction to ranges where 
their parasites cannot survive, invasive species can experience “enemy release” 
from their native parasites and pathogens. The success of some invasive species 
is attributed to this phenomenon (Torchin et al. 2003). It is unclear if release from 
flies and the associated Hemoproteus blood parasites has contributed to the 
success of pigeons in colder regions, in part because the cost of these parasites 
to the pigeon host is unclear (Waite 2012). Future studies should investigate this 
hypothesis. Additionally the absence of the pigeon lousefly in the host’s rage may 
influence host associated community interactions. 
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Table 3.1. Locations where pigeon populations were examined for parasites. 
Sites are ordered by average annual minimum temperature. We found no flies 
and no H. columbae at six sites.  “NA” refers to areas where no blood samples 
were screened for H. columbae infected cells. Abbreviations: CA = Canada, US = 
United States, SK = Slovakia, BR = Brazil, IN = India; Temp = mean annual 
minimum temperature; Hum. = mean annual relative humidity; Prev.= prevalence 
(percentage of infected hosts); Abun. = abundance (mean number of parasites in 
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Table 3.2. Avian skin mites in the family Epidermoptidae (Myialges spp.) were 
phoretic on 5% of the P. canariensis collected. Gravid female Epidermoptinae 
mites often attach to louseflies to oviposit and fasten eggs to the cuticle. Eclosed 
mites then disperse from the fly to the skin of host birds. It is thought that these 
mites require flies to complete their life cycle. Most mites were attached to fly 










9 23 Louisiana, US 1 absent Abdomen 
22 49 São Paulo, BR 1 present Abdomen 
52 São Paulo, BR 1 absent Abdomen 
23 55 São Paulo, BR 2 absent Abdomen 
25 
58 São Paulo, BR 2 absent Abdomen 
59 São Paulo, BR 1 present Thorax 
58 São Paulo, BR 2 absent Abdomen 
26 72 São Paulo, BR 2 absent Abdomen 

























































































































































































































































































































































































































































































































































































































































































































































































Figure 3.1. Global distribution of Pseudolynchia canariensis in relation to the 
mean annual temperature. Black dots show areas where the fly was collected or 
reported from the literature. Fly distribution is limited to areas between 45.5 °N 
and 33 °S. 
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Figure 3.3. Fly prevalence is correlated with average annual minimum 
temperature (Spearman rank correlation: rs = 0.68, P = 0.0015). Flies were only 
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CHAPTER 4 
COMMUNITY INTERACTIONS GOVERN INTRASPECIFIC 
GENETIC VARIATION IN PARASITE POPULATIONS 
Abstract 
Genetic variation is influenced by many biotic and abiotic factors. 
However, relatively little is known about how biotic interactions shape 
microevolutionary patterns. We examined two sympatric species of feather lice 
(Phthiraptera: Ischnocera) that parasitize pigeons. The two species, “wing lice” 
(Columbicola columbae) and “body lice” (Campanulotes compar), are 
ecologically very similar. However, wing lice differ from body lice in one key trait. 
Wing lice disperse phoretically, or “hitchhike,” on parasitic flies (Diptera: 
Hippoboscidae).  Body lice do not disperse phoretically. To quantify how phoretic 
dispersal influences patterns of genetic variation, we compared genotypes of 
wing and body lice in geographic regions with and without flies. We found that 
wing lice populations in areas with flies show less population genetic structure 
than body lice populations. In two out of three areas where flies are absent, wing 
lice and body lice populations have similar genetic differentiation. We also found 
that wing lice have a larger genetic effective population size than body lice in 
areas with flies, but the same effective population size in areas without flies. Our 
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findings strongly suggest that phoretic dispersal erodes population genetic 
structure and enhances population connectivity for wing lice. 
Introduction 
Dispersal is a central life history trait that shapes eco-evolutionary 
dynamics in organisms (Clobert et al. 2012; Kubisch et al. 2014; Bonte & Dahirel 
2017). The movement of individuals away from their birthplace affects the spatial 
distribution of populations, which in turn affects demographic and 
microevolutionary patterns. Examining how dispersal behavior shapes 
metapopulation connectivity across landscapes is of critical importance when 
predicting how species distributions will respond to environmental change 
(Hanski & Mononen 2011; Alberti 2015; Massol & Debarre 2015; Cote et al. 
2017; Legrand et al. 2017; Thompson & Gonzalez 2017).  
Many population genetic studies have investigated factors that impede or 
enhance dispersal by inferring gene flow from genetic data. Studies comparing 
different ecologically similar species within a shared landscape are particularly 
effective at identifying factors that affect gene flow and shape population genetic 
structure (Waples 1998; Bohonak 1999; Criscione 2008). For example, 
landscape features differentially affect patterns of gene flow in co-occurring wood 
frogs (Rana sylvatica) and spotted salamanders (Ambystoma maculatum) in the 
northeastern United States. The presence of roads is associated with genetic 
structure for the wood frog, while the occurrence of rivers explains genetic 
differentiation better for the spotted salamander (Richardson 2012). Contrasting 
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patterns of genetic structure, attributed to the occurrence of rocky or sandy 
habitat types, have also been found for three sympatric species of cichlid fish in 
Eastern Africa with contrasting habitat preferences (Wagner & McCune 2009). 
While abiotic factors can shape patterns of gene flow, the impact of biotic 
factors on dispersal and population structure remains poorly understood (Hand et 
al. 2015). Evaluation of the biotic factors that shape dispersal is critical to 
understanding eco-evolutionary dynamics (Kubisch et al. 2014). Comparison of 
related and sympatric species that are ecologically very similar, but explicitly 
differ in dispersal, allows for examination of how these differences influence 
population genetic structure. Host-parasite systems lend themselves to this type 
of approach and these systems are thought to be a natural starting point for 
thoroughly assessing eco-evolutionary dynamics (Weber et al. 2017). In host-
parasite systems it is possible to compare parasite species that have very similar 
ecological niches on the same host, yet differ in life history traits. Here we use a 
highly-tractable, host-parasite system where previous ecological studies and 
experiments have laid a solid foundation on which to generate and test a priori 
hypotheses about how particular species interactions affect dispersal patterns 
and shape population genetic structure. 
Background 
Rock pigeons (Columba livia) have successfully colonized most 
metropolitan areas of the world. These ubiquitous birds are commonly co-
infested with feather lice (Order: Phthiraptera), which are permanent, obligate 
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parasites that complete their entire life cycle on their host. Two co-occurring 
species of feather lice are “wing lice” (Columbicola columbae) and “body lice” 
(Campanulotes compar). Despite the fact that wing and body lice are distantly 
related, they are ecologically very similar. Both species live, feed and reproduce 
on pigeon feathers. Both species disperse at similar rates vertically from parent 
to offspring in the nest, as well as horizontally when hosts are in direct contact 
(Harbison et al. 2008). However, wing lice differ from body lice in one key 
dispersal trait: their ability to disperse phoretically, or “hitchhike,” on blood-
feeding Hippoboscid flies (Diptera: Hippoboscidae) (Harbison et al. 2009; 
Harbison & Clayton 2011).  
Dispersal between hosts is a major challenge for many immobile parasites 
like lice (Harper et al. 2015). Wing and body lice are highly immobile off the host 
(Bartlow et al. 2016) and are typically limited to dispersal between pigeons that 
are in direct physical contact (Harbison et al. 2008). However, for wing lice, fly-
mediated phoretic dispersal may allow these parasites to escape an isolated host 
or to avoid intraspecific or interspecific competition on hosts (Clayton et al. 2016). 
Hippoboscid flies are much more mobile than lice.  Experiments with captive 
birds have shown that wing lice can disperse on P. canariensis to novel host 
individuals, as well as novel host species, in sufficient numbers to establish new 
populations (Harbison et al. 2008; Harbison & Clayton 2011). 
If phoretic dispersal has a recurring influence on patterns of gene flow in 
wing lice populations, then phoresis may have a large influence on 
microevolutionary patterns of diversification. Consistent with this hypothesis, 
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wing lice should have more gene flow among populations, compared to body lice, 
which are not phoretic. Among pigeon flocks and between individual birds in Salt 
Lake City, Utah, wing lice have significantly less population genetic structure than 
body lice (Chapter 2). The genetic patterns observed are consistent with key 
differences in dispersal ability between wing lice and body lice. However, as an 
additional test of the influence of phoretic dispersal on population structure, we 
here compare wing and body louse population structure in geographic regions 
where flies are present, versus regions where they are absent. 
Pigeon parasite community composition varies geographically. The 
distribution of P. canariensis is restricted to regions where the average low 
temperature is greater than 6˚C (Chapter 3).  In these regions they often co-
occur with both wing and body lice on individual hosts.  However, wing and body 
lice also co-occur on pigeons in areas where flies are absent and phoretic 
dispersal is impossible (Chapter 3). In the absence of the flies, dispersal of both 
wing lice and body lice should be limited to periods of direct contact between 
pigeons. We predicted that in areas without flies, wing lice populations will have 
similar genetic differentiation as body lice. In areas with flies, where phoresis 
occurs, wing lice should have less genetic differentiation than body lice.  
We compared the population genetic structure of wing lice and body lice in 
geographic regions with and without P. canariensis, the phoretic vector of wing 
lice. Since wing and body lice are significantly structured between birds in pigeon 
flocks (Chapter 2), we compared wing and body lice populations living on the 
same individual birds. We use the term "infrapopulation" (Bush et al. 1997) to 
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refer to all the conspecific adult lice living on a single host bird. Infrapopulations 
can be considered local populations, or demes, that are connected by dispersal 
and gene flow to the larger metapopulation (Criscione & Blouin 2005; Clayton et 
al. 2016). We genotyped and compared 36 wing and body lice infrapopulations 
on pigeons in two areas where phoresis occurs and 21 wing and body lice 
infrapopulations on pigeons in three areas where fly mediated phoresis is 
impossible. We also estimated the genetic effective population size for both 
species at each sampling site with the prediction that phoretic dispersal of wing 
lice should enhance population connectivity and effective population size 
compared with body lice. 
Materials and Methods 
Field Sampling 
Wing and body lice were collected from feral pigeons in five cities across 
four countries (Table 4.1). Samples were collected in June and July of 2014 – 
2016.  In four of the cities (Salt Lake City, Utah, USA; Guarujá, São Paulo, Brazil; 
Grand Forks, North Dakota, USA and Ružomberok, Slovakia), lice were collected 
from wild birds. In Winnipeg, Manitoba, Canada, lice were collected from wild 
pigeons brought to two rehabilitation hospitals throughout 2012 - 2013. Lice were 
collected by fumigating or washing individual pigeons as in Clayton and Drown 
(2001). Samples were preserved in 95% ethanol for identification and DNA 
extraction. Lice were identified to species under an Olympus SZCTV 
stereoscope. In total, we compared wing and body lice infrapopulations from 55 
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pigeons (Table 4.1). 
Genotyping 
DNA was extracted from lice using the DNeasy Blood and Tissue kit 
(Qiagen) as described by Johnson et al. (2001). To genotype lice, we identified 
microsatellites specific to each species (Chapter 2). A total of 540 wing lice and 
534 body lice were genotyped at 8 different microsatellite loci. Multiplex PCRs 
with a universal primer and fluorophor were used to genotype the samples 
(Schuelke 2000; Blacket et al. 2012). The universal primer tail M13 (5’ CAC GAC 
GTT GTA AAA CGA C 3’) was added to the 5’ end of the locus-specific forward 
primer. M13 labeled primers were tagged with FAM, PET, NED, or VIC (Applied 
Biosystems). The two forward primers and the appropriate locus-specific reverse 
primer were used in PCR reactions. An ABI 3100 Genetic Analyzer (Applied 
Biosystems) was used to resolve PCR products and was run with the 500 LIZ 
size standard. Genemapper v 3.7 (Applied Biosystems) was used to determine 
allele sizes.  
    Population genetic analyses 
Currently there is no consensus as to which index of genetic differentiation 
is best suited for assessing population structure (Neigel 2002; Meirmans & 
Hedrick 2011; Whitlock 2011). Meirmans and Hedrick (2011) recommend 
reporting FST along with the unbiased FST estimator that is best suited for the 
objectives of the study. Here we report FST and the unbiased FST estimater 
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Hedrick’s G’ST. G’ST is best suited for comparisons between organisms with 
different effective population sizes (Hedrick 2005). 
Global FST and G’ST values with 95% confidence intervals (CIs) were 
calculated using a bootstrapping approach (10,000 iterations) in the R (v 3.1.0) 
(R Core Team 2014) package “diveRsity” (Keenan et al. 2013). To compare 
genetic differentiation between louse infrapopulations, pairwise FST and G’ST 
values were also calculated in diveRsity. The difference in infrapopulation 
pairwise G’ST values between body lice and wing lice was plotted by sampling 
site.  
To test if lice were significantly structured between infrapopulations at a 
sampling site, we performed an Analysis of Molecular Variance (AMOVA) in 
Arlequin (v 3.5) (Excoffier et al. 2005). Louse genetic variation was partitioned 
among and within host birds at each site for both species. 
      Census population size analyses 
We counted the number of conspecific adult lice on a pigeon to quantify 
infrapopulation size, which is used here as a proxy for the population size. The 
infapopulation size of wing and body lice was compared on the same host. Mean 
infrapopulation sizes between wing and body lice were compared using a 
matched-pair t-test. Allelic richness (the mean number of alleles per 
microsatellite locus) was calculated using diveRsity. Linear regressions were 
used to model the relationships between: (a) body louse infrapopulation size and 
wing louse infrapopulaton size, (b) body louse infrapopulation allelic richness and 
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wing louse infrapopulation allelic richness and (c) allelic richness and 
infrapopulation size for both body lice and wing lice. To test whether slopes of the 
regression lines comparing allelic richness and infrapopulation size were different 
between louse species we performed an ANCOVA. Statistical analyses were 
conducted in JMP v.12.1. 
Additionally, we examined how lice were spatially distributed among 
pigeons. Most ectoparasites have aggregated distributions, in which they are not 
distributed evenly on individuals within host populations (Poulin & Morand 2000). 
A highly aggregated distribution is thought to increase genetic structure of 
parasites (Huyse et al. 2005). To assess if wing or body lice have aggregated 
distributions, we calculated the index of dispersion from variance to mean ratios 
for each species (Poulin 2006).  
 Effective population size analyses 
          The effective population size (Ne ) is defined as the number of breeding 
individuals in an idealized population whose allele frequencies would show the 
same signatures of evolutionary forces as the population under consideration 
(Wright 1931). Factors that affect Ne in sexual organisms include inbreeding, 
changes in census population size, and spatial structure (Charlesworth 2009). 
For parasites, increased dispersal distances are thought to increase Ne whereas 
frequent local extinctions are thought to decrease Ne (Criscione & Blouin 2005; 
Barrett et al. 2008). Changes in Ne that result from fluctuations in population 
size may play a major role in parasite evolution (Papkou et al. 2016). For 
example, 
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example, theory predicts that drift should have a larger impact in populations 
with a lower Ne. Here we used a linkage disequilibrium method to approximate 
the contemporary effective population size from neutral genetic variation in 
NeEstimator v2 (Do et al. 2014). Ne and parametric 95% CIs were estimated with 
the random mating model and the lowest allele frequency used was 0.05. 
Isolation by distance and environment 
       Isolation by distance (IBD) results from limited dispersal across space 
(Wright 1943).  IBD is the null hypothesis for patterns of population genetic 
differentiation in organisms. To test for an association between genetic and 
geographic distance we used Mantel tests (Mantel 1967) with 10,000 
permutations calculated in GenoDive (v 2.0) (Meirmans & Van Tienderen 2004). 
Coordinates taken from the center of each sampling site were transformed into 
Euclidean distances. For intraspecific comparisons, genetic Chord distances 
were calculated from microsatellite data. In interspecific comparisons between 
wing and body lice standardized genetic distances (F’ST) were calculated from 
microsatellite data.  
Partial Mantel tests implemented in GenoDive with 10,000 permutations 
were used to test the association between distance matrices while controlling for 
a third variable. We tested if infrapopulation size was correlated with genetic 
distance while controlling for geographic distance. Environmental variables also 
varied across our sampling sites. Therefore we tested for a correlation between 
genetic distance and environmental distance while controlling for geographic 
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distance. Previous studies with lice have found that infrapopulation sizes are 
higher in areas with high relative humidity (Moyer et al. 2002). Therefore, louse 
population genetic differentiation may also be influenced by abiotic factors such 
as humidity and temperature. For each sampling site, mean estimates of annual 
temperature and relative humidity were taken from climatemps.com (Table 4.2). 
An environmental distance matrix was made from a combined data set of mean 
temperature and relative humidity values transformed into Euclidean distances.  
Results 
Population genetic analyses 
Global FST and G’ST values had nonoverlapping 95% CIs for wing and 
body lice (Table 4.3) at four sites (Salt Lake City, USA 1-3 and Ružomberok, 
Slovakia). In contrast, global FST and G’ST CIs were overlapping for wing and 
body lice (Table 4.3) at three sites (Guarujá, Brazil; Winnipeg, Canada and 
Grand Forks, North Dakota). Wing lice had higher infrapopulation pairwise G’ST 
values than body lice in more than half of the comparisons in Grand Forks, North 
Dakota (52%, 11/21 comparisons) and Winnipeg, Canada (67%, 24/36 
comparisons) (Figure 4.3). Wing lice had higher infrapopulation pairwise G’ST 
values in less than half of the comparisons at Salt Lake City 1 (2%, 1/45 
comparisons), Salt Lake City 2 (20%, 9/45 comparisons), Salt Lake City 3 (18%, 
9/45 comparisons), Guarujá, Brazil (27%, 4/15 comparisons) and Ružomberok, 
Slovakia (0%, 0/6 comparisons) (Figure 4.1).  
The hierarchical AMOVA (Table 4.4) indicates that both wing and body 
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lice are significantly structured between birds at all sites. More of the genetic 
variance was accounted for by sampling between pigeon hosts for body lice than 
for wing lice at all sites except Grand Forks, North Dakota, USA and Winnipeg, 
Manitoba, Canada. The Global FST values indicate that body lice are highly 
genetically differentiated between hosts (FST 0.12 – 0.34) at all sites except 
Canada where body lice populations are moderately genetically differentiated 
(0.08). Wing lice are moderately genetically differentiated (FST 0.02 – 0.09) at all 
sites except Grand Forks, North Dakota, USA where they are highly genetically 
differentiated (FST 0.24).  
Census population size analyses 
Mean infrapopulation sizes were significantly different between louse 
species (Matched-pair t-test, t = 5.39, df = 54, p <0.0001). Body lice had a 
median population size of 23 and wing lice had a median population size of 50. 
For the 55 infrapopulations assessed in this study, 45% of body lice 
infrapopulations were made up of 2 – 10 lice, compared with the 13% of wing lice 
populations that were that size. Whereas 67% of wing louse infrapopulations 
consisted of 20 – 90 lice in comparison, 36% of body lice populations were that 
size. Frequencies of infrapopulations above 90 lice were similar for body lice and 
wing lice at 18% and 20%, respectively.  
Body louse infrapopulation size was correlated with wing louse 
infrapopulation size (r = 0.72, p <0.0001).  Moreover, allelic richness in body lice 
infrapopulations was correlated with allelic richness in wing louse 
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infrapopulations (r = 0.50, p <0.0001). We also found significant relationships 
between infrapopulation allelic richness and infrapopulation size for body lice (r = 
0.52, p <0.0001; Figure 4.2a), as well as wing lice (r = 0.38, p = 0.005; Figure 
4.2b). The slopes of the regressions between infrapopulation allelic richness and 
infrapopulation size for wing and body lice were not significantly different 
(ANCOVA, F1, 54 = 0.79, p = 0.38). The variance to mean ratio was 211 for body 
lice and 99 for wing lice, indicating that both species have aggregated 
distributions. 
   Effective population size analyses 
Values of Ne were undefined for wing lice genotypes in Ružomberok, 
Slovakia likely due to the small sample size. Estimates of Ne had nonoverlapping 
95% CIs for wing and body lice at four sites: Salt Lake City, USA 1-3 and 
Guarujá, Brazil (Figure 4.3). Estimates of Ne had overlapping 95% CIs for wing 
and body lice in Winnipeg, Canada and Grand Forks, North Dakota (Figure 4.3). 
   Isolation by distance and environment 
We found support for isolation by distance among body lice populations 
(Mantel test, r = 0.31, p = 0.001; Table 4.5) but not among wing lice populations 
(Mantel test, r = 0.02; p = 0.383; Table 4.5). After correcting for infrapopulation 
size, the pattern of isolation by distance in body lice was no longer significant 
(partial-Mantel, r = 0.31, p = 0.501; Table 4.5). Genetic distance and 
infrapopulation size were negatively correlated for body lice (Mantel test, r = -
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0.19; p = 0.010; Table 4.5) but not for wing lice (Mantel test, r = 0.001; p = 0.46; 
Table 5). Genetic distance and ecological distance were negatively correlated for 
body lice (Mantel test, r = -0.18; p = 0.013; Table 4.5) although this association 
was not statistically significant after correcting for geographic distance (partial-
Mantel, r = -0.18, p = 0.511; Table 4.5). In wing lice, we found no association 
between genetic distance and ecological distance (Mantel test, r = -0.01; p = 
0.711; Table 4.5). We found that genetic distance matrices of wing and body lice 
were correlated (Mantel test, r = 0.20; p = 0.032; Table 4.5) but not after 
correcting for geographic distance (partial-Mantel, r = 0.21, p = 0.517; Table 4.5). 
  Discussion 
 Wing lice of pigeons frequently disperse phoretically on hippboscid flies; 
which can result in movement between individual birds (Harbison et al. 2009; 
Harbison & Clayton 2011). Body lice do not disperse in this manner (Keirans 
1975; Harbison & Clayton 2011; Barlow et al. 2016). A previous study (Chapter 
2) showed that wing lice have significantly less population genetic structure than
body lice at sites where flies are present (Chapter 2). However, this study was 
confined to populations within Salt Lake City, Utah. Here we expand upon this 
study to include multiple geographic regions with and without flies. We found that 
wing lice infrapopulations in areas with flies have less population genetic 
structure than body lice infrapopulations. At two of the three sites without flies, 
we found that wing lice and body lice infrapopulations have similar population 
genetic structure. We also found that wing lice have higher genetic effective 
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population sizes than body lice in areas with flies, but that they have similar 
effective population sizes in areas without flies. These findings strongly suggest 
that ongoing phoretic dispersal erodes population genetic structure and 
enhances infrapopulation connectivity for wing lice.  
Body lice infrapopulations were significantly more differentiated than wing 
lice infrapopulations in all pairwise comparisons in Ružomberok, Slovakia. This 
result was unexpected, as Ružomberok is in a geographic region where flies are 
absent (Chapter 3). This result may be due to our small sample size in that 
region. At the Ružomberok site we were only able to compare wing and body lice 
populations from 4 pigeons because only 4 of the 10 birds captured had body lice 
(all 10 had wing lice). In contrast, at all other sites we compared wing and body 
lice populations on 6 or more birds. Ecological factors other than phoresis may 
have influenced genetic structure at the Ružomberok site. Differences in host 
sociality and host demography are also thought to influence population genetic 
structure (Barrett et al. 2008). Lice were collected from newly fledged young birds 
in the attic of a building at this site. It is possible that some of these birds were 
siblings and acquired lice by vertical transmission from their parents. Since wing 
lice have slight, yet significantly higher rates of vertical transmission, compared 
to body lice (Harbison et al. 2008), the low population differentiation in wing lice 
may reflect this.  
Three of the fly sites used in this study were in Salt Lake City, Utah. 
Although lice were sampled from spatially isolated pigeon flocks, it is not likely 
that these sites are completely independent of each other owing to some level of 
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pigeon dispersal. Therefore, it may be more accurate to consider Salt Lake City a 
single site. Future studies assessing the effect of phoretic dispersal on parasite 
populations should compare the genetic differentiation of wing and body lice 
across a more even spatial distribution of sites.
Despite these sampling issues, we found contrasting spatial distribution 
patterns of wing and body lice on pigeons. Body lice were more aggregated than 
wing lice, suggesting that dispersal of lice among individual hosts is more limited 
for body lice than wing lice. Nearly half of the pigeons sampled had small body 
lice infrapopulations (2-10 lice) but intermediate wing lice populations (>20 lice). 
Since body lice populations are typically smaller in size than wing lice 
populations, we expected drift to have played a greater role in shaping population 
genetic differentiation in body lice than wing lice. Consistent with this hypothesis, 
genetic distance and infrapopulation size were significantly negatively correlated 
for body lice, but not wing lice. However, allelic richness was correlated with 
infrapopulation size in both species of lice, suggesting that drift likely plays a role 
in structuring both wing and body lice populations. A positive IBD pattern was 
found for body lice but not wing lice, indicating that body lice are likely in the 
gene flow-drift equilibrium (Hutchison & Templeton 1999). Wing lice may not be 
in the gene flow-drift equilibrium because of increased gene flow due to phoretic 
dispersal.  
One reason that immobile parasites, like lice, may use arthropod vectors 
for dispersal is if vector dispersal is greater than host dispersal. For example, the 
bat fly, Nycteribia schmidlii, exhibits less population genetic structure than its 
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host, the bent-winged bat (Miniopterus schreibersii) across its European range, 
suggesting that the fly is more mobile than its host (Witsenburg et al. 2015).  
Since hippobsocid flies are more mobile than lice, future studies could investigate 
this hypothesis by comparing fly population genetic structure and host population 
genetic structure at a local scale.  
There are many costs and trade-offs associated with dispersal (Bonte et 
al. 2012), which could be further investigated with this system. Phoresis in wing 
lice may have evolved as  a competition-colonization tradeoff (Harbison et al. 
2008; Clayton et al. 2016). Wing lice, which are superior disperses, are inferior 
competitors with body lice on the same host (Bush & Malenke 2008). 
Competition-colonization tradeoffs are known from other parasites as well as 
free-living animals (Mordecai et al. 2016). In Glanville butterflies (Melitaea 
cinxia), females heterozygous at a phosphoglucose isomerase (Pgi) SNP are 
superior disperses among local populations compared to females homozygous at 
the Pgi SNP (Niitepold et al. 2009; Zheng et al. 2009; Niitepold et al. 2011). 
Butterflies with the “high dispersal genotype” can reproduce at a younger age but 
are inferior competitors compared to females with the “low dispersal genotype” 
when resource availability is limited (Saastamoinen 2008; Saastamoinen et al. 
2009). It would be fascinating to see if there is intraspecific variation in phoretic 
dispersal and if phoretic dispersal is associated with a particular genotype in wing 
lice.  
Our study further demonstrates the importance of considering species 
ecology and life history when assessing patterns of genetic differentiation. For 
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many species, genome wide genetic diversity is correlated with life history 
(Romiguier et al. 2014; Ellegren & Galtier 2016); therefore, thorough knowledge 
of species life history is likely critical to accurately interpret patterns of population 
genetic differentiation in many other organisms (Rodriguez-Verdugo et al. 2017; 
Weber et al. 2017). Currently, few empirical studies directly link life history traits 
of organisms to micro- and macroevolutionary patterns of diversification. One 
notable exception is a study by Riginos et al. (2014) that links dispersal ecology 
with population genetic structure and species richness in reef fishes. Across 
these fish species, genetic differentiation and species richness are correlated 
with parental investment in larval dispersal. Members of fish families that guard 
eggs (low larval dispersal) have significantly more population structure and 
greater species richness than those that release eggs into the water column 
(high larval dispersal) (Riginos et al. 2014). Given that dispersal is integral in 
shaping the abundance and distribution of species, examining dispersal-related 
life history traits is critical in linking micro and macroevolutionary patterns or 
organisms.  
Different genera of pigeons and doves are host to different species of wing 
lice, body lice and louse flies. Phoresis may explain micro and macroevolutionary 
patterns of host specificity in wing and body lice (Johnson et al. 2002; Clayton & 
Johnson 2003; Johnson & Clayton 2003). Body lice are more host specific than 
wing lice and cospeciate with hosts to a greater extent than wing lice (Clayton et 
al. 2003; Clayton & Johnson 2003). Our study is consistent with the hypothesis 
that phoretic dispersal plays a major role in shaping the eco-evolutionary 
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dynamics of feather lice. 
Furthermore, demonstrating how dispersal related life history traits affect 
community interactions is critical for a comprehensive understanding of eco-
evolutionary dynamics, yet empirical work in this area is limited (Baguette et al. 
2013; Kubisch et al. 2014; Cote et al. 2017; Massol et al. 2017). A recent 
modeling study showed that dispersal rates are fundamental in altering species 
interactions and retaining community composition. Interestingly, the model also 
showed that interspecific differences in dispersal ability can alter community 
interactions (Thompson & Gonzalez 2017). Empirically testing how species 
differences in dispersal shape community composition is of critical importance as 
habitat fragmentation and global change continues to threaten ecosystem 
connectivity and patterns of biodiversity (Alberti 2015; Harrisson et al. 2016; Cote 
et al. 2017; Legrand et al. 2017).  
Future studies could use host-parasites systems like this one to 
empirically test how parasite dispersal influences host community composition. 
For example, many species of birds and mammals host hippoboscid flies that 
interact with other members of the host community. Phoresy on hippoboscid flies 
has been documented in 17 genera of mites and in 19 genera of lice (Philips & 
Fain 1991; Bartlow et al. 2016). Moreover, many hippoboscid flies vector blood 
parasites that cause diseases in humans and wildlife and are of medical 
significance (Santiago-Alarcon et al. 2012). Fly-mediated dispersal may play a 
role in host associated community dynamics.  
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Table 4.1. Sampling design for the 55 infrapopulations at seven sampling sites 
across five cities. “Infrapopulation” refers to the conspecific adult lice on a single 
bird host. 
Site Description Latitude Longitude # Louse 
Infrapopulations 
1 Salt Lake City, Utah, USA 40.71883 -111.87129 10 
2 Salt Lake City, Utah, USA 40.65505 -111.90167 10 
3 Salt Lake City, Utah, USA 40.74088 -111.94931 10 
Guarujá, Brazil -23.99005 -46.2408 6 
Winnipeg, Manitoba, Canada 49.80592 -97.13787 10 
Grand Forks, North Dakota, USA 47.93141 -97.07051 7 
Ružomberok, Slovakia 49.08168 19.30459 4 
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Flies Hum. Temp. (°C) 
Salt Lake City 1 83 31 100 6 71 present 55 6 
Salt Lake City 2 70 34 99 6 73 present 55 6 
Salt Lake City 3 72 22 73 9 71 present 55 6 
Guarujá 8 52 100 41 75 present 86 14 
Winnipeg >250 110 64 95 87 absent 67 -2.7
Grand Forks 12 10 58 5 92 absent 66 -1
































































































































































































































































































































































































































































































































Table 4.4. Results of AMOVA used to evaluate the amount of population genetic 
structure both among infrapopoulations and on individual birds for body lice and 
wing lice. FST values were calculated from microsatellite data. FST values range 
from zero to one. Populations are considered structured if FST values are 
significantly different from zero. P values are associated with FST values. In 
panmictic (unstructured) louse populations, we would expect to see nearly 100% 
of the variation arise from within infrapopulations. The AMOVA indicates that 































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table 4.5. Factors other than life history traits may influence patterns of genetic 
differentiation. To assess if allele frequencies change with geographic location 
due to limited dispersal across space (isolation by distance; IBD) or if allele 
frequencies change with ecological variables, independent of geographic location 
due to limited dispersal across ecological gradients (Isolation by environment; 
IBE) we used Mantel and partial Mantel tests. We tested for a significant 
relationship between genetic distances and geographic distances or ecological 
distance between sampling sites. For partial Mantel tests, parentheses indicate 
the controlled variable in the analysis. Genetic distances were calculated from 
microsatellites. Genetic Chord distances were used in all comparisons except in 
intraspecific comparisons where F’ST distances were used to control for 
comparisons between species. Geographic distances were calculated from 
coordinates taken at the center of each sampling site and transformed into 
Euclidian distances. Ecological distance was calculated from a combined data 
set of average annual low temperature and average annual relative humidity at 
each sampling site and transformed into Euclidian distances. Asterisks indicate 





  genetic distance – geographic distance 0.307 0.001 * 
  genetic distance – geographic distance (infrapopulation size) 0.311  0.501 
  genetic distance – infrapopulation size -0.194 0.010 * 
  genetic distance – infrapopulation size  (geographic distance) -0.178  0.512 
  genetic distance – ecological distance -0.184 0.013 * 
  genetic distance – ecological distance (geographic distance) -0.178  0.511 
Wing Lice 
  genetic distance – geographic distance 0.022 0.383 
  genetic distance – geographic distance (infrapopulation size) 0.059 0.631 
  genetic distance – infrapopulation size 0.001 0.455 
  genetic distance – infrapopulation size  (geographic distance) 0.006 0.719 
  genetic distance – ecological distance 0.009 0.429 
  genetic distance – ecological distance (geographic distance) 0.011 0.711 
Interspecific comparison 
  body lice genetic distance – wing lice genetic distance 0.201 0.032 * 
  body lice genetic distance – wing louse genetic distance (geographic 
distance) 
0.209  0.517 
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Figure 4.1. Each point represents the difference between body lice 
infrapopulation pairwise G’ST values and wing lice infrapopulation pairwise G’ST
values on a single bird. The points are jittered for clarity. The horizontal line at 
zero signifies the area where there is no difference between the genetic structure 
of body lice and wing lice. Points above the line indicate that body lice are more 
structured than wing lice. Points below the line indicate that wing lice are more 
structured than body lice. In areas with flies most points are above the line 
indicating that wing lice have less genetic differentiation than body lice, likely due 
to phoresis. In Winnipeg and Grand Forks points are nearly equally distributed 
above and below the line indicating that wing and body lice exhibit a similar 
amount of genetic differentiation at two sites without flies. All points at the 
Ružomberok site fall above the line. This may indicate that in some geographic 
areas without flies factors other than phoretic dispersal erode population genetic 
structure in wing lice when compared with body lice. G’ST values were calculated 
from microsatellite data. G’ST values range from zero to one like FST. G’ST was 
used instead of FST because it is considered an unbiased estimator of population 
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Figure 4.2. The relationship between louse infapopulation size and allelic 
richness (mean number of alleles per microsatellite locus). (a) Body louse 
infrapopulation size covaries significantly with allelic richness (see text for 
details). (b) Wing louse infrapopulation size also covaries significantly with allelic 
richness (see text for details). Since smaller infrapopulations harbor less genetic 
diversity than large infrapopulations for both wing and body lice, random genetic 
drift should play a stronger role in smaller populations of both species. 
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Figure 4.3. Estimates of contemporary effective population size (Ne) with 95% 
CIs for wing and body lice estimated from microsatellite data. Wing louse 
estimates of Ne at the Slovakian site were undefined and therefore this site was 
excluded. The greater Ne of wing lice compared to body lice at sites where flies 
are present is consistent with enhanced population connectivity due to phoretic 
dispersal. In the two areas without flies the Ne of wing and body lice have 
overlapping CIs (not significantly different). 
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APPENDIX A 
SUPPLEMENTAL INFORMATION FOR CHAPTER 2
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Table A.1. Microsatellite loci developed for this study. We developed 17 primer 
sets specific to wing lice (Columbicola columbae) and 13 primer sets specific to 
body lice (Campanulotes compar). Variable nuclear microsatellite loci were 
identified by searching for STR motifs (di, tri, tetra) with msatcommander (Rozen 
& Skaletsky 2000; Faircloth 2008) in sequences generated by Illumina 
sequencing from 30 pooled individuals. Sequences used to search for 
microsatellite motifs had BLAST alignment scores ≥200, compared with the 
human body louse (Pediculus humanus corporis) genome, which is the only 
published louse genome (Kirkness et al. 2010). Each microsatellite locus was 
evaluated with a multistep screening process to ensure quality data as suggested 
by Selkoe and Toonen (2006) and Fernandez-Silva et al. (2013). This filtering 
yielded 8 microsatellites specific to wing lice, and 8 microsatellites specific to 
body lice, that were appropriate for analyses. The 17 microsatellite loci used to 
genotype host pigeons were developed by Chun-lee et al. (2007), Stringham et 
al. (2012), and Traxler et al. (2000). DNA extractions of wing lice, body lice, and 
pigeons were performed using the DNeasy Blood and Tissue kit (Qiagen). DNA 
was extracted from lice as described by Johnson et al. (2001). Multiplex PCRs 
with a universal primer and fluorophore were used to genotype the samples 
(Schuelke 2000; Blacket et al. 2012). The universal primer tail M13 (5’ CAC GAC 
GTT GTA AAA CGA C 3’) was added to the 5’ end of the locus-specific forward 
primer.  M13 labeled primers were tagged with FAM, PET, NED, or VIC (Applied 
Biosystems). The two forward primers and the appropriate locus-specific reverse 
primer were used in PCR reactions. An ABI 3100 Genetic Analyzer (Applied 
Biosystems) was used to resolve PCR products and was run with the 500 LIZ 































































































































































































































































































































































































































































































































































































































































































































































Table A.2.  Comparison of body and wing lice prevalence and abundance on pigeons at 
each site. Prevalence is the percent of pigeons sampled with at least one parasite. 
Abundance is the mean (± standard error) number of lice removed from each fumigated 
pigeon by ruffling (including parasite free birds).  
Flock # Site # 
# pigeons 
sampled Parasite prevalence Parasite abundance 
Flock 1 Site 1 83 
Body lice Wing lice Body lice Wing lice 
71.1 100.0 6.0 ± 0.9 31.5 ± 3.4 
Flock 2 Site 2 70 72.9 98.6 6.4 ± 1.3 33.8 ± 4.8 































































































































   
   

















   
   




































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Table A.6. Measures of genetic differentiation. (a) Global estimates of FST values with 
lower and upper 95% CIs in brackets for body and wing lice. (b) Global estimates of 
G”ST values with lower and upper 95% CIs in brackets for body and wing lice. 
a 
FST Body Lice Wing Lice 
All sites 0.226 [0.210, 0.244] 0.069 [0.053, 0.087] 
Site 1 0.130 [0.103, 0.162] 0.043 [0.017, 0.075] 
Site 2 0.204 [0.173, 0.237] 0.061 [0.036, 0.091] 
Site 3 0.316 [0.289, 0.345] 0.090 [0.062, 0.123] 
b 
G”ST Body Lice Wing Lice 
All sites 0.444 [0.421, 0.468] 0.181 [0.150, 0.214] 
Site 1 0.295 [0.248, 0.347] 0.130 [0.071, 0.198] 
Site 2 0.376 [0.331, 0.423] 0.161 [0.110, 0.216] 
Site 3 0.576 [0.546, 0.607] 0.220 [0.169, 0.274] 
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Table A.7. The optimal number of genetic clusters chosen from wing and body lice 
genotypes. We tested values of k = 1–30 corresponding to the 30 subpopulations of 
each louse species. Body lice grouped into more clusters than wing lice. Half of the 
body lice clusters contained genotypes sampled from ≤ 5 pigeons. In contrast for wing 
lice, the smallest number of hosts in a cluster was 11. This suggests that dispersal 
between birds is more restricted in body lice than wing lice.  
Species Cluster # Lice in 
cluster 
# Hosts in 
cluster 
Body Lice 1 24 5 
2 10 1 
3 10 1 
4 39 16 
5 16 6 
6 27 15 
7 27 13 
8 15 5 
9 31 13 
10 15 4 
11 11 2 
12 31 13 
13 10 1 
14 31 15 
Wing Lice 1 29 15 
2 27 12 
3 27 11 
4 37 20 
5 25 11 
6 26 16 
7 33 19 
8 36 17 
9 25 14 
10 35 16 
114 
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Table A.8. GLMM summary testing the probability that a given allele is (a) unique 
to the subpopulation (private allele) compared to all other lice at each collection 
site respective of species or (b) is a private allele for that louse subpopulation on 
its individual host bird. Asterisks indicate statistical significance in probability 
tests. 
a Random effects Variance Standard deviation 
Site 1.15E-16 1.07E-08 
Fixed effects Estimate Standard error Z-value Pr(>IzI)
Intercept (body 
lice) -0.488 0.086 -5.65
<0.001* 
wing lice -0.920 0.153 -6.01 <0.001*
b Random effects Variance Standard deviation 
Host 0.013 0.114 
Fixed effects Estimate Standard error Z-value Pr(>IzI)
Intercept (body 
lice) -1.599 0.089 -17.91
<0.001* 





Figure A.1. Observed heterozygosity in relation to subpopulation size for (a) body 

































































Fig. S1 Fig. S2 Fig. S3
Figure S1. Observed heterozygosity of louse infrapopulations in relation to 
infrapopulation size for (a) body lice and (b) wing lice.  
Figure S2.  Ordination plots showing the first two principal components of the 
DAPC for body lice (a) and wing lice (b). Colors indicate which flock of birds lice 
were collected from (Site 1 is blue, Site 2 is red, Site 3 is gray) and different 
shapes represent different louse infrapopulations.
Figure S3.  Ordination plots showing the first two principal components of the 
DAPC for body lice (a) and wing lice (b) grouped by k means clustering. 
Different colors indicate different genetic clusters and different shapes represent 
different louse infrapopulations.
Fig. S4
Figure S4.  Ordination plot showing the first two principal components of the 
DAPC for pigeons. Colors indicate which flock the bird belonged to (Site 1 is 




Figure A.2.  Ordination plot showing the first two principal components of the 
DAPC for pigeons. Colors show the sites/flock from which birds were collected 
(Site 1: blue; Site 2: red; Site 3: gray). Dots represent individual pigeon 
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Figure S1. Observed heterozygosity of louse infrapopulations in relation to 
infrapopulation size for (a) body lice and (b) wing lice.  
Figure S2.  Ordination plots showing the first two principal components of the 
DAPC for body lice (a) and wing lice (b). Colors indicate which flock of birds lice 
were collected from (Site 1 is blue, Site 2 is red, Site 3 is gray) and different 
shapes represent different louse infrapopulations.
Figure S3.  Ordination plots showing the first two principal components of the 
DAPC for body lice (a) and wing lice (b) grouped by k means clustering. 
Different colors indicate different genetic clusters and different shapes represent 
different louse infrapopulations.
Fig. S4
Figure S4.  Ordination plot showing the first two principal components of the 
DAPC for pigeons. olors indicate which flock the bird belonged to (Sit  1 is 




Figure A.3.  Ordination plots showing the first two principal components of the 
DAPC for (a) body lice and (b) wing lice, grouped by bird. Colors show the sites 
from which lice were collected (Site 1: blue; Site 2: red; Site 3: gray). Different 
symbols represent different subpopulations of lice. Circles represent confidence 
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Figure S1. Observed heterozygosity of louse infrapopulations in relation to 
infrapopulation size for (a) body lice and (b) wing lice.  
Figure S2.  Ordination plots showing the first two principal components of the 
DAPC for body lice (a) an  wing lice (b). Colors indicate which flock of birds lice 
were collected from Site 1 is blu , Site 2 is red, Sit  3 is gray) and different 
shapes represent different louse infrapopulations.
Figure S3.  Ordination plots showing the first two principal components of the 
DAPC for body lice (a) and wing lice (b) grouped by k means clustering. 
Different colors indicate different genetic clusters and different shapes represent 
different louse infrapopulations.
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Figure S4.  Ordination plot showing the first two principal components of the 
DAPC for pigeons. Colors indicate which flock the bird belonged to (Site 1 is 




Figure A.4.  Ordination plots showing the first two principal components of the 
DAPC for (a) body lice and (b) wing lice grouped by k means clustering. Different 
colors indicate different genetic clusters and different symbols represent different 
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shapes represent different louse infrapopulations.
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Figure S4.  Ordination plot showing the first two principal components of the 
DAPC for pigeons. Colors indicate which flock the bird belonged to (Site 1 is 
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Darwin’s finches are an iconic example of adaptive radiation. The size and 
shape of Darwin’s finch beaks are adapted for feeding on different sized seeds 
and other food resources. However, beaks also serve other functions, such as 
preening for the control of ectoparasites. In diverse groups, such as North 
American scrubjays, Hawaiian honeycreepers, and Peruvian songbirds, the 
effectiveness of preening is governed by the length of the overhanging tip of the 
upper mandible of the beak. This overhang functions as a template against which 
the tip of the lower mandible generates a pinching force sufficient to damage or 
kill ectoparasites. Here we show that, in contrast to the diversifying effect of 
foraging, the ectoparasite control function of preening appears to constrain beak 
morphology. Across finch species, birds with intermediate mandibular overhangs 
have fewer feather mites than birds with short or long overhangs. While there is 
little doubt that beaks are first and foremost tools for feeding, our results suggest 
that the evolution of beak morphology, even in well-known systems, should be 
evaluated with both feeding and preening in mind. 
Introduction 
In his Pulitzer Prize-winning book “Beak of the Finch,” Jonathan Weiner 
(1994) features Peter and Rosemary Grant’s classic work on the adaptive 
radiation of Darwin’s finches in the Galapagos Islands (Grant and Grant 2014). 
As carefully demonstrated by the Grants, Darwin’s finch beaks are adapted for 
feeding on different sized seeds and other food resources. For example, large 
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ground finches (Geospiza magnirostris) have large, deep beaks capable of 
crushing large, tough seeds. Medium ground finches (G. fortis) have intermediate 
beaks for feeding on smaller seeds. Small ground finches (G. fuliginosa) have 
smaller, more nimble beaks for feeding on the smallest seeds (Grant and Grant 
2014). This diversification of foraging related beak morphology is a hallmark of 
adaptive radiation in Darwin’s finches, as well as other groups of birds (Cooney 
et al. 2017; Olsen 2017). 
Although beaks are first and foremost adaptations for feeding, they have 
other functions, as well, such as preening (Figure E.1). Preening serves to 
straighten and oil feathers and to combat ectoparasites. Indeed, preening is the 
first line of defense against several groups of ectoparasites (Clayton et al. 2010; 
Clayton et al. 2016). Among diverse groups of birds, such as North American 
scrubjays, Hawaiian honeycreepers, and Peruvian songbirds, the effectiveness 
of preening is governed by the overhanging tip of the upper mandible of the beak 
(Clayton and Walther 2001; Clayton et al. 2005; Freed et al. 2008; Clayton et al. 
2010). Removal of the overhang in rock pigeons (Columba livia) triggers a 
dramatic increase in populations of feather lice (Clayton et al. 2005). When the 
overhang is allowed to grow back, birds regain their ability to control lice. In 
pigeons, the overhang functions as a template against which the tip of the lower 
mandible generates a pinching force sufficient to crush the lice. Interestingly, 
removal of the overhang has no effect on the feeding efficiency of pigeons, 
suggesting that it is a specific adaptation for ectoparasite control (Clayton et al. 
2005). 
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Effective preening for controlling feather lice is important because they are 
known to have direct negative effects on host fitness (Clayton et al. 2008; Hoi et 
al. 2012; Clayton et al. 2016). Large populations of lice on birds with impaired 
preening cause feather damage that reduces host mating success and survival 
(Clayton 1990; Booth et al. 1993). Preening also controls feather mite 
populations, such that birds with impaired preening can experience dramatic 
increases in feather mites (Barlow 1967; Clayton 1991; Handel et al. 2010). The 
effect of such mites on host fitness has not been tested experimentally; however, 
feather mite increases are correlated with poor host condition, feather quality, 
and reduced plumage brightness (Thompson et al. 1997; Harper 1999). Some 
feather mites may be commensals with little or no effect on host fitness (Blanco 
et al. 1997; Proctor and Owens 2000; Galvan et al. 2012). Moreover, effects of 
mites may transition between parasitism and commensalism (Bronstein 1994; 
Jovani et al. 2017). Regardless of their effects, however, feather mites – like 
feather lice – are controlled by preening. 
Here we explore the relationship between the beak morphology and 
ectoparasite loads of Darwin’s ground finches. We compared beak size and 
shape to the abundance of ectoparasites among three species of ground finches, 
all of which have both feather mites and feather lice (Bulgarella and Palma 
2017). Large, medium, and small ground finches have virtually identical mite and 
lice communities at our study site on Santa Cruz Island (Villa et al. 2013). We 
tested the prediction that, in contrast to the diversifying effect of feeding on beak 
morphology, preening is likely to have a stabilizing effect. Specifically, we 
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predicted that the relative length of the upper mandibular overhang, which varies 
within species (Figure 2.E A-D), does not differ significantly among the three 
species of ground finches. 
           Methods 
We conducted field work January-April 2009 at two locations on Santa 
Cruz Island: a highland site near Los Gemelos (0º37’50.95’’S, 90º23’26.54’’W), 
and a lowland site at the Charles Darwin Research Station on Academy Bay, 
Puerto Ayora (0º44’27.55’’S, 90º18’10.10’’W). Finches were captured with mist-
nets between 0600 and 1100 hr, and between 1600 and 1800 hr. Each bird was 
placed in single-use paper bag to avoid mixing parasites between birds. For each 
bird, we quantified body mass and beak length, width, depth, and overhang 
length (Clayton and Walther 2001). We then quantified the abundance of feather 
lice and feather mites using the dust-ruffling method (Villa et al. 2013). Birds 
were banded with metal bands and released unharmed.   
Feather mites were more common than feather lice on Santa Cruz. Seven 
species of feather mites were collected, with the different species of finches 
having nearly identical feather mite communities (Villa et al. 2013). We tested for 
population level variation among the feather mites on different finch species by 
barcoding samples of mites with the cytochrome c oxidase subunit 1 (COI) gene. 
We barcoded the three most common genera of feather mites (Mesalgoides, 
Trouessartia, and Proctophyllodes). Because feather mites are tiny, single 
individuals did not yield enough DNA for reliable amplification of mitochondrial 
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DNA. Therefore, we pooled five individual mites, which is a common approach 
for small-bodied organisms (Dabert et al. 2010).  To extract DNA, we used a 
Qiagen DNeasy Blood and Tissue Kit. DNA was PCR amplified using the primers 
bcdF05 and bcdR04, as described by Dabert et al. (2008). Analysis of mite COI 
sequences was done in Geneious v7 (Kearse et al. 2012). Percent sequence 
difference among populations of mites on the three finch species were analyzed 
using a one-way ANOVA in JMP v12 (SAS Institute 1985). 
The relationship between beak morphology and ectoparasite abundance 
was analyzed using a principal component analysis (PCA) of the four beak 
dimensions across the three finch species (Grant and Grant 2014) in JMP v12 
(SAS Institute 1985). Covariation of principal components with ectoparasite 
abundance was modeled using linear mixed models (LMMs). Ectoparasite 
abundance was log transformed (log [n+1]) to achieve normality prior to analysis. 
Ectoparasite abundance was strongly correlated with host body mass (linear 
regression; n = 88, r = 0.30, P = 0.005). To control for differences in the body 
mass of the three finch species, we calculated residuals of ectoparasite 
abundance plotted against finch body mass. 
For each of the first two principal components (PC1 and PC2), we 
performed an LMM predicting residual ectoparasite abundance among the three 
species of ground finches by modeling the fixed effect of each principal 
component using the second order polynomial function with species as a random 
effect. Both LMMs were fit in R v3.3.1 using the “lme4” library (Bates et al. 2015; 
R Core Team 2016). Degrees of freedom and resulting p-values were estimated 
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with Satterwaite approximation using the lmerTest library (Kuznetsova et al. 
2016). 
Results 
We processed 90 finches, including 39 small ground finches, 41 medium 
ground finches, and 10 large ground finches. We missed one or more 
measurements for two of the small ground finches, leaving a total of 88 birds with 
complete data sets. Feather mites were recovered from 61 of the 88 finches 
(69%). The overall abundance of mites ranged from 0 to 356, with a mean (± se) 
of 33.7 ± 7.0 mites per bird. By comparison, only 6 of the 88 birds had feather 
lice (8%). The overall abundance of lice ranged from 0 to 8, with a mean (± se) of 
0.2 ± 0.1 lice per bird. Because the prevalence and abundance of lice were so 
low, we focused on the relationship between beak morphology and feather mites. 
However, when we included lice, the results were nearly identical. 
COI comparisons were made for Mesalgoides mites from 2 small, 2 
medium and 1 large ground finches; Trouessartia mites from 2 small, 2 medium, 
and 2 large ground finches; and Proctophyllodes mites from 2 small, 2 medium, 
and 2 large ground finches (Table E.1). Similar barcoding studies suggest that 5 
to 10 barcodes should be assessed per taxon; so our sample sizes were 
adequate for each genus (Zhang et al. 2010). None of the intrageneric 
comparisons of mite COI sequences (Table E.1) showed more than 2% 
divergence among populations of mites on the different finch species (Hebert et 
al. 2003a, 2003b). In summary, the finches had essentially the same mite 
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populations. 
Beak length, width, depth and overhang length were all correlated across 
the 88 finches (Table E.2). The first two principal components of beak 
morphology accounted for 98.8% of variation (Table E.3). PC1, which mainly 
reflected variation in beak length, width, and depth, was highly correlated with 
finch body mass (Figure E.2 E; linear regression; n = 88, r = 0.97, P < 0.0001). In 
contrast, PC1 was not correlated with residual mite abundance (Figure E.2 F; 
LMM; t = 0.12, P = 0.907). 
PC2, which mainly reflected variation in overhang length (Table E.3), was 
not correlated with finch body mass (Figure E.2 G; linear regression; n = 88, r = -
0.14, P = 0.162). However, PC2 was highly correlated with residual mite 
abundance (Figure E.2 H; LMM; t = 2.86, P = 0.005). 
Discussion 
We tested whether the foraging related diversification of beak morphology 
among Darwin’s ground finches is related to ectoparasite load. Specifically, we 
compared beak size and shape to the abundance of ectoparasites on small, 
medium and large ground finches (Villa et al. 2013). Although lice on Darwin’s 
ground finches are often relatively common (Palma and Peck 2013; Bulgarella 
and Palma 2017; Palma pers. comm.), the prevalence of lice on birds in our 
study was low (8%). One possible explanation is that feather lice are more 
susceptible than feather mites to abiotic factors, such as low humidity (Moyer et 
al. 2002). Thus, the low prevalence of lice in our study may have reflected 
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climatic conditions. 
The prevalence of feather mites in our study was relatively high (69%).  
Barcoding revealed little or no population level differentiation among the three 
species of ground finches. Thus, we predicted that – in contrast to foraging – 
preening would not lead to patterns of diversification across ground finch 
species.   
PC1 and PC2 explained nearly all variation (98.8%) in beak morphology 
across the three ground finch species (Table E.3). PC1 reflected variation in 
beak length, width, and depth. These three traits are the basis of adaptive 
differences in foraging ecology among finch species (Grant and Grant 2014). 
Thus, PC1 represents feeding related morphology. PC1 was highly correlated 
with finch body mass (Figure E.2 E), reflecting the fact that larger finches have 
larger beaks (Grant and Grant 2014). In contrast, PC1 did not correlate with 
feather mite abundance (Figure E.2 F).  
PC2 summarizes mainly variation in the beak overhang. Since the beak 
overhang is important for controlling ectoparasites, PC2 represents preening 
related morphology. The relationship between PC2 and feather mite abundance 
was consistent with stabilizing selection, rather than diversifying selection. 
Across small, medium, and large ground finches, individuals with intermediate 
PC2 scores had the fewest mites. The 10 birds with PC2 scores nearest the 
mean had an average of 2 mites.  By comparison, the 10 birds with PC2 scores 
farthest from the mean (in either direction) had more than 50-fold more mites, 
with an average of 110 mites. This pattern shows that individuals with extreme 
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overhangs (Figure E.2 C,D) are not as effective at controlling ectoparasites. 
Repeating the analysis with raw overhang length, instead of PC2, yields the 
same stabilizing pattern (LMM; t = 2.07, P = 0.042). The similarly between this 
more conservative analysis and our PCA approach strongly suggests that 
overhang length governs feather mite abundance. 
Unlike PC1, PC2 was not correlated with finch mass (Figure E.2 G). The 
lack of relationship indicates that Darwin’s ground finches have similar preening 
related beak morphology, regardless of overall differences in body size. Thus, 
even though the beaks of small, medium and large ground finches have diverged 
in size for feeding, there is an optimal relative overhang length. This fact is not 
surprising, given that the three finch species share the same ectoparasite 
species and even populations. Our results indicate that the adaptive 
diversification of finch beaks for feeding does not constrain the ability of finches 
to control ectoparasites by preening. 
Our findings are consistent with earlier work examining Western scrubjays 
(Aphelocoma californica) infested with parasitic feather lice (Clayton et al. 2010). 
Analysis of overhang length and louse load in scrubjays showed a pattern 
consistent with stabilizing selection for beak overhang length, in which birds with 
intermediate overhangs had the fewest lice (Clayton et al. 2010). Overhangs that 
are “too short” are insufficient to control ectoparasites, while overhangs that are 
“too long” are more susceptible to breakage, as demonstrated in pigeons 
(Clayton et al. 2005). Birds with broken overhangs cannot preen well. 
Our study is the first to provide evidence that aspects of the morphology of 
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Darwin’s finch beaks may be constrained by selection independent of feeding 
ecology. While there is little doubt that beaks are first and foremost tools for 
feeding, our results suggest that the evolution of beak morphology, even in well-
known systems, should be evaluated with both feeding and preening in mind. 
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Table F.1. DNA barcoding of feather mites infesting three species of Darwin’s 
ground finches. GenBank accession numbers correspond to the mitochondrial 
cytochrome c oxidase subunit 1 (COI) gene fragment (DNA barcoding region, 
~630bp) of 5 pooled feather mites. 
Host species Host ID 
GenBank Accession Numbers 
Mesalgoides Trouessartia Proctophyllodes 





SH216 KY631871 KY631883 
Medium ground finch 





Large ground finch 
SH213 KY631882 
SH513 KY631879 
SH590 KY631873 KY631885 
Total mites 25 30 30 
.
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Table F.2. Coefficients of correlation (r) matrix for beak morphology 
measurements, all of which are significantly correlated (P < 0.001 for all 
comparisons). 
Beak 
measurement Length Depth Width Overhang 
Length 1.000 
Depth 0.964 1.000 
Width 0.977 0.986 1.000 
Overhang 0.374 0.343 0.340 1.000 
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Table F.3. Principal component analysis of beak morphology across three 




PC1 PC2 PC3 PC4 
Eigenvalues 3.126 0.826 0.037 0.011 
% Variation 78.2% 20.6% 0.9% 0.3% 
Eigenvectors 
Length 0.555 - 0.131 - 0.778 - 0.263
Depth 0.554 - 0.170   0.607 - 0.544
Width 0.556 - 0.176   0.157   0.797 
Overhang 0.276 0.961   0.030   0.014 
Loadings 
Length 0.981 - 0.119 - 0.149 - 0.028
Depth 0.979 - 0.155   0.116 - 0.057
Width 0.983 - 0.160   0.030   0.084 
Overhang 0.488 0.873   0.006   0.001 
191 
Figure F.1. Medium ground finch (Geospiza fortis) preening. Photographs 
courtesy of Kiyoko Gotanda. 
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Figure F.2. Beak morphology of Darwin’s finches in relation to feather mite 
abundance (A) Medium ground finch (Geospiza fortis) with (B) enlarged view of 
upper mandibular overhang (inset bracket); Medium ground finches with small 
(C) and unusually large (D) overhangs. Plots in E-H combine data from large
ground finches (G. magnirostris; black dots), medium ground finches (blue dots),
and small ground finches (G. fuliginosa; red dots). Across all finches, overhang
length ranges from 0.0-1.1 mm, with a mean (± se) of 0.35 (± 0.03) mm. (E) The
first principal component (PC1) of beak morphology, which accounts for 78.2% of
variation, is highly correlated with finch body mass (linear regression; n = 88, r =
0.97, P < 0.0001). PC1 reflects variation in beak length, width, and depth (Table
E.3). (F) Residual feather mite abundance is not significantly associated with
PC1 (linear mixed model; t = 0.12, P = 0.907). (G) The second principal
component (PC2) of beak morphology, which accounts for 20.6% of variation, is
not correlated with finch body mass (linear regression; r = -0.14, P = 0.162). PC2
reflects variation in beak overhang length (Table E.3). (H) Residual feather mite
abundance is highly significantly associated with PC2 (linear mixed model; t =
2.86, P = 0.005). Finches with intermediate PC2 scores had the fewest feather
mites. Photographs courtesy of Kiyoko Gotanda (panel A) and Jeffery Podos
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